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Remarks 

Claims 1-52 were pending. Claims 1-13, 16, 18, 21, 26, 28, 32-33, 37-42, 44 and 48-50 are 
canceled. Claims 14-15, 17, 19-20, 23-25, 27, 29, 30, 34-36, 43, 45, 46, and 51 have been 
amended. Claims 52-55 are new, and find support in originally filed claims 12-13. No new matter is 
added. Applicants respectfully request reconsideration of the rejections, and allowance of the 
presently pending claims, 14-15, 17, 19-20, 22-25, 27, 29-31, 34-36, 43, 45-47, and 51-55. 

Claims 3, 17, 23-36 and 51 have been rejected under 35 U.S.C. 112, second paragraph as 
indefinite in the recitation of the terms "part of a candidate gene", "portion of a gene", and "can be". 
The claims have been amended to clarify the subject matter and to recite definite terms. Withdrawal 
of the rejection is requested. 

Claims 1-4, 14-18, 23-26, 30, 33, 34, 35, 36, 38, 39, 41 and 48-50 have been rejected under 
35 U.S.C. 102 as being anticipated by Leptin, U.S. Patent no. 6,135,942. Applicants respectfully 
submit that the present claims are not anticipated by Leptin. The present claims are drawn to the 
use of dsRNA in the specific attenuation of expression of genes in mammalian neural cells. Leptin 
discloses the genes of Drosophila melanogaster, and does not teach methods utilizing mammalian 
neural cells. Withdrawal of the rejection is requested. 

Claims 5-13, 19-21 and 37 have been rejected under 35 U.S.C. 103 as unpatentable over 
Leptin, in view of Petryshyn. Claim 22 has been rejected under 35 U.S.C. 103 as unpatentable over 
Leptin, in view of Petryshyn, and further in view of Kreitman. Claims 31 , 32, 40 and 42-44 have 
been rejected under 35 U.S.C. 103 as unpatentable over Leptin, in view of Der et a/.. U.S. Patent no. 
6,077,686. Claims 45-47 and 51 have been rejected under 35 U.S.C. 103 as unpatentable over 
Leptin, in view of Der et a/., and further in view of Staddon et al. (U.S. Patent no. 6,312,686). 
Applicants respectfully submit that the presently claimed invention is not made obvious by the cited 
combinations of references. 

The claims have been amended to recite methods using a dsRNAthat comprises at least 
100 nucleotides of sequence identity with a candidate gene, in order to validate the function of the 
candidate gene in a mammalian neural cell by specific attenuation of that gene. The prior art cited 
by the Examiner teaches the use of double stranded RNA interference in insect cells. However, the 
effect of such RNAs in mammalian cells has been very different from what is observed in the prior 
art systems. Applicants have attached herewith a research article published by co-inventors Li Gan, 
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Kristen Anton and Mirella Gonzalez-Zulueta (Gan etal. (2002) J. Neuroscience Methods 121:151- 
157), which discusses the unexpected findings of the present invention. 

Specific gene silencing mediated by double stranded RNA has been used in diverse 
invertebrate systems, and RNA species of about 25 nucleotides have been found to silence gene 
expression in plants. The interfering RNA in these systems has been shown to be a small inhibitory 
RNA (siRNA) of about 21-25 nucleotides in length. 

However, the prior art teaches that vertebrate cells respond to dsRNA longer than about 30 
nucleotides by inducing interferon alpha and beta expression. The effect of this interferon 
expression is a general inhibition of protein synthesis and non-specific degradation of mRNA, in 
contrast to the presently claimed specific attenuation of mRNA activity. For example, see the 
attached review paper by Stark et al. (1998) Annu. Rev. Biochem . 67:227-264. This paper states 
(page 255) that "it has long been recognized that a combination of I FN and dsRNA is cytotoxic". 

A number of publications have addressed the induction of interferon synthesis by double 
stranded RNA, and the involvement of the double-stranded-RNA dependent kinase PKR into 
mediating interferon activity. For example, see the attached research articles Der and Lau (1995) 
P.N.A.S. 92:8841-8845, which demonstrates the role of double stranded RNA in the induction of 
expression and functional effects of interferon. 

The attached article by Elbashir etal. (2001) Nature 411:494-498, states that "it has not been 
possible to detect potent and specific RNA interference in commonly used mammalian cell culture 
systems . . . applying dsRNAthat varies in size between 38 and 1 ,662 base pairs". The author goes 
on to state that "it is known that dsRNA in the cytoplasm of mammalian cells can trigger profound 
psychological reactions that lead to the induction of interferon synthesis . . . these responses are 
intrinsically non-specific to the inducing dsRNA" (emphasis added). Elbashir et al. then describe 
the use of small double stranded RNAs in the attenuation of expression, thus teaching one of skill in 
the art that (a) large dsRNA leads to non-specific attenuation and interferon expression and that (b) 
small dsRNAs are required for this method to be effective in mammalian cells. 

It would have been expected by one of skill in the art that the use of dsRNA of at least 1 00 nt 
in length would lead to interferon expression in neuronal cells. As demonstrated by Ward et al. 
0 995 ) J- Neuroimmunoloov 58: 1 45-1 55 (attached), "in primary neuronal cultures following exposure 
of these cells to known IFN-inducing agents, including double-stranded RNA ... it was found that 
neurons rapidly express high levels of IFN-p." 

One of skill in the art would not have had a reasonable expectation that dsRNA of at least 
1 00 nt. in length would result in specific attenuation of expression. And yet, as shown by Applicants, 
(page 56, last paragraph.ff) specific attenuation was observed in neuronal cells for GFP (green 
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fluorescent protein), and for PARP, both in the levels of the protein produced, and in the functional 
effects mediated by the protein. Cells transfected with dsPARP-N showed significant protection 
against OGD-induced cell death compared with mock-transfected cells and those transfected with 
dsGFP These results confirmed the essential role of PARP as a mediator in ischemia-induced 
neuronal damage, and validate the use of RNAi in the analysis of the role of novel and known genes 
in neurons. 

Leptin, U.S. 6,135,942, has been cited against the present claims under 35 U.S.C. 102 and 
103. As discussed above, the present invention is drawn to the use of dsRNA of at least 100 nt, in 
mammalian neural cells. The teachings of Leptin are specific to Drosophila cells. Because 
Drosophila cells do not share the biology of mammalian cells with respect to induction of interferon 
by dsRNA, Leptin does not teach or suggest the function of RNAi in mammalian cells. 

Petryshyn, U.S. 6,124,091, has been cited in combination with Leptin. Applicants 
respectfully submit that Petryshyn does not suggest the present invention, alone or in combination 
with Leptin. As stated by Petryshyn, column 3, lines 7-15, the patent provides for "a single and 
specific cellular R-RNA which, when transcribed in vitro, gives rise to an RNA transcript which 
retains its property to activate PKR . . . [and] a 226-252 nucleotide fragment of the partial cDNA 
which corresponds to that portion of R-RNA necessary for PKR activation." This statement supports 
Applicants discussion (above) of interferon induction. As shown in the attached paper by Der and 
Lau, double stranded RNA induces interferon expression, and the double-stranded-RNA dependent 
kinase PKR into mediating interferon activity. Therefore, Petryshyn teaches an RNA that has the 
expected activity of activating PKR. 

The following figure demonstrates the cellular pathways active in interferon effects: 
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Applicants respectfully submit that it was well known in the art that dsRNA activates PKR, 
and that such an effect teaches away from the specific attenuation observed by Applicants. 

The citation in the Office Action of Example 1 of Petryshyn as showing dsRNA attenuation of 
expression of a candidate gene is not understood. Example 1 of Petryshyn discloses the cDNA 
synthesis of R-RNA, and does not disclose RNA interference. If the cite was intended to be 
Example 11 of Petryshyn, Applicants respectfully submit that the use of short anti-sense 
oligonucleotides, which are single stranded (noted at col. 28, line 65 as selected for "minimal self- 
folding") does not suggest the presently claimed invention. As explained above, the effects of short 
RNAs are dramatically different than long RNAs, because of the effect on interference induction. 

Further the effects of single stranded oligonucleotides are distinct from that of double 
stranded RNA, and one does not predict the activity of the other. As discussed in the attached 
review of RNA interference (Hannon (2002) Nature 418:244-51), "The phenomenon of RNAi was 
first discovered in the nematode worm Caenorhabditis elegans as a response to double-stranded 
RNA (dsRNA), which resulted in sequence-specific gene silencing. Following on from the studies of 
Guo and Kemphues, who had found that sense RNA was as effective as antisense RNA for 
suppressing gene expression in worms, Fire, Mello and colleagues were attempting to use 
antisense RNA as an approach to inhibit gene expression. Their breakthrough was to test the 
synergy of sense and antisense RNAs, and they duly found that the dsRNA mixture was at least 
tenfold more potent as a silencing trigger than were sense or antisense RNAs alone." 
Therefore, it is recognized in the art that dsRNAS silencing differs dramatically from anti-sense 
inhibition. 

Applicants respectfully submit that Petryshyn does not make obvious the presently claimed 
invention, and does not remedy the deficiencies of the primary reference, Leptin. 

The citation of Kreitman era/, is provided for teaching the use of the restriction enzyme Rsal. 
Applicants respectfully submit that the use of the restriction enzyme is not relied upon for 
patentability, but is cited as one embodiment of the invention. Kreitman et al. does not remedy the 
deficiencies of the primary reference, which fails to teach or suggest the use of dsRNA of greater 
than 100 nt in neuronal cells to specifically attenuate gene expression. 

Similarly, Villeponteau etal. fail to remedy the deficiencies of the primary reference by failing 
to teach the use of dsRNA of greater than 100 nt in neuronal cells to specifically attenuate gene 
expression. Applicants note that Villeponteau et al. describe the generation of subtractive libraries, 
but do not teach the normalization of the library. Normalized libraries allow for the isolation of rare 
transcripts that are not otherwise obtainable. 
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Der et ai suggests the use of anti-sense oligonucleotides in neuronal cells, but fails to teach 
the use of dsRNA. As discussed above, the effects of RNA silencing, or interference, which result 
from the introduction of specific double stranded RNA, are very different from the activities of short, 
single stranded olignucleotides. One of skill in the art is not informed of the present invention by the 
teachings of Der combined with Leptin. 

Staddon et a/, is directed to alterations in permeability of tight junctions in epithelial and 
endothelial cells, but does not teach the use of long dsRNA to attenuate gene expression. 

In view of the above amendments and remarks, Applicants respectfully submit that the 
present invention meets the requirements of 35 U.S.C. 102 and 103. Withdrawal of the rejections is 
requested. 

Applicants submit that all of the claims are now in condition for allowance, which action is 
requested. If the Examiner finds that a Telephone Conference would expedite the prosecution of 
this application, he is invited to telephone the undersigned at the number provided. 

The Commissioner is hereby authorized to charge any other fees under 37 C.F.R. §§ 1 .16 
and 1 .17 which may be required by this paper, or to credit any overpayment, to Deposit Account No. 
50-0815, order number AGYT-013CIP. 

Respectfully submitted, 



BOZICEVIC, FIELD & FRANCIS LLP 
200 Middlefield Road, Suite 200 
Menlo Park, CA 94025 
Telephone: (650) 327-3400 
Facsimile: (650) 327-3231 





Pamela<J. Sherwood, Ph.D. 
Registration No. 36,677 
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A conserved biological response to double-stranded RNA, known variously as RNA interference (RNAi) or 
post-transcriptional gene silencing, mediates resistance to both endogenous parasitic and exogenous 
pathogenic nucleic acids, and regulates the expression of protein-coding genes. RNAi has been 
cultivated as a means to manipulate gene expression experimentally and to probe gene function on a 
whole-genome scale. 



The phenomenon of RNAi was first discovered in 
the nematode worm Caenorhabditis elegans as a 
response to double-stranded RNA (dsRNA), 
which resulted in sequence-specific gene 
silencing 1 . Following on from the studies of 
Guo and Kemphues, who had found that sense RNA was 
as effective as antisense RNA for suppressing gene 
expression in worms 2 , Fire, Mello and colleagues 1 were 
attempting to use antisense RNA as an approach to inhibit 
gene expression. Their breakthrough was to test the 
synergy of sense and antisense RNAs, and they duly found 
that the dsRNA mixture was at least tenfold more potent 
as a silencing trigger than were sense or antisense RNAs 
alone 1 . Silencing by dsRNAs had a number of remarkable 
properties — RNAi could be provoked by injection of 
dsRNA into the C. elegans gonad or by introduction of 
dsRNA through feeding either of dsRNA itself or of 
bacteria engineered to express it 3 . Furthermore, exposure 
of a parental animal to only a few molecules of dsRNA per 
cell triggered gene silencing throughout the treated animal 
(systemic silencing) and in its Y x (first generation) 
progeny (Fig. 1). 

From this discovery emerged the notion that a number 
of previously characterized, homology-dependent gene- 
silencing mechanisms might share a common biological 
root. Several years previously, Richard Jorgensen had been 
engineering transgenic petunias with the goal of altering 
pigmentation. But introducing exogenous transgenes did 
not deepen flower colour as expected. Instead, flowers 
showed variegated pigmentation, with some lacking 
pigment altogether (refs 4, 5, and reviewed in ref. 6). This 
indicated that not only were the transgenes themselves 
inactive, but also that the added DNA sequences somehow 
affected expression of the endogenous loci. This phenome- 
non, called co-suppression, can be produced by highly 
expressed, single-copy transgenes 7,8 or by transgenes, 
expressed at a more modest level, that integrate into the 
genome in complex, multicopy arrays 9 . In parallel, several 
laboratories found that plants responded to RNA viruses by 
targeting viral RNAs for destruction 10 " 13 . Notably, silencing 
of endogenous genes could also be triggered by inclusion of 
homologous sequences in a virus replicon. 

What is clear in retrospect is that both complex trans- 
gene arrays and replicating RNA viruses generate dsRNA. In 
plant systems, dsRNAs that are introduced from exogenous 
sources or that are transcribed from engineered inverted 
repeats are potent inducers of gene silencing (reviewed in 
ref. 14). But co-suppression phenomena are not restricted 
to plants: similar outcomes have been noted in unicellular 
organisms, such as Neurospora, and in metazoans, such as 
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Drosophila, C. elegans and mammals 15 " 18 . In a few cases, 
silencing has been correlated with integration of transgenes 
as complex arrays that can produce dsRNA directly, 
although silencing can also be triggered by the presence of 
single-copy or dispersed element? 8 . What remains a mys- 
tery is how, and indeed whether, such elements produce the 
dsRNA silencing trigger that has become a hallmark of 
RNAi. It has been proposed that endogenous RNA-directed 
RNA polymerases (RdRPs) may recognize aberrant tran- 
scripts' derived from highly expressed loci and convert these 
into dsRNA 19 . Indeed, homologues of these enzymes have 
proven essential for silencing in C. elegans, fungi and plants, 
and this is discussed below. 

Genetic and biochemical studies have now confirmed 
that RNAi, co-suppression and virus-induced gene silenc- 
ing share mechanistic similarities, and that the biological 
pathways underlying dsRNA-induced gene silencing exist 
in many, if not most, eukaryotic organisms (Fig. 1). What 
are the mechanisms by which dsRNAs induce silencing of 
homologous sequences, either exogenous or endogenous? 
What are the biological functions of these processes? And 
how are they related in evolutionarily divergent fungi, 
plants and animals? 

Silencing machinery operates at multiple levels 

In C elegans, initial observations were consistent with 
dsRNA-induced silencing operating at the post-transcrip- 
tional level. Exposure to dsRNAs resulted in loss of 
corresponding messenger RNAs (mRNAs), and promoter 
and intronic sequences were largely ineffective as silencing 
triggers 1 . A post-transcriptional mode was also consistent 
with data from plant systems in which exposure to dsRNA 20 , 
for example in the form of an RNA virus, triggered deple- 
tion of mRNA sequences without an apparent effect on the 
rate of transcription 21 . Indeed, viral transcripts themselves 
were targeted, despite the fact that these were synthesized 
cytoplasmically by transcription of RNA genomes 10 . These 
studies led to the notion that RNAi induced degradation of 
homologous mRNAs, and this hypothesis has been validat- 
ed by biochemical analysis. 

But the RNAi machinery affects gene expression through 
additional mechanisms. In plants, exposure to dsRNA 
induces genomic methylation of sequences homologous to 
the silencing trigger 22 . If the trigger shares sequence with a 
promoter, the targeted gene can become transcriptionally 
silenced 23 . Recent studies have suggested that the RNAi 
machinery may also affect gene expression at the level of 
chromatin structure in Drosophila, C. elegansand fungi (refs 
1 8, 24-26, and R. Martienssen, T. Volpe, I. Hall and S. Grew- 
al, unpublished data). Finally, in C. elegans, endogenously 
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Figure 1 Double-stranded RNA can be introduced experimentally to 
silence target genes of interest. In plants, silencing can be triggered, 
for example, by engineered RNA viruses or by inverted repeat 
transgenes. In worms, silencing can be triggered by injection or 
feeding of dsRNA. In both of these systems, silencing is systemic and 
spreads throughout the organism, a, A silencing signal moves from 
the veins into leaf tissue. Green is green fluorescent protein (GFP) 
fluorescence and red is chlorophyll fluorescence that is seen upon 
silencing of the GFP transgene. b, C efegans engineered to express 
GFP in nuclei. Animals on the right have been treated with a control 
dsRNA. whereas those on the left have been exposed to GFP dsRNA. 
Some neuronal nuclei remain foreseen!, correlating with low 
expression of a protein required for systemic RNAi 59 . c, Hela cells 
treated with an 0RC6 siRNA and stained for tubulin (green) and DNA 
(red). Depletion of ORC6 results in accumulation of multinucleated 
cells. Stable silencing can also be induced by expression of dsRNA as 
hairpins or snap-back RNAs. d, Adult Drosophila express a hairpin homologous to the white gene (left), which results in unpigmented eyes compared with wild type (right). 



encoded inducers of the RNAi machinery (for example, Iin-4) operate 
at the level of protein synthesis 27 . Although translational control by 
dsRNA has not been established definitively in other systems, the 
conservation of /er-7and related RNAs 28 suggests that this regulatory 
mode may be a further common mechanism through which RNAi 
pathways control the expression of cellular genes. 

Mechanism of post-transcriptional gene silencing 

Our present understanding of the mechanisms underlying dsRNA- 
induced gene silencing is derived from genetic studies in C. elegans 
and plants and from biochemical studies of Drosophila extracts. In 
the latter case, Carthew and colleagues laid the foundations by show- 
ing that injection of dsRNA into Drosophila embryos induced 
sequence-specific silencing at the post-transcriptional level 29 . Sharp 
and colleagues then tested the possibility that Drosophila embryo 
extracts, previously used to study translational regulation, might be 
competent for RNAi 30 . Incubation of dsRNA in these cell-free lysates 
reduced their ability to synthesize luciferase from a synthetic mRNA. 
This correlated with destabilization of the mRNA and suggested that 
dsRNA might bring about silencing by triggering the assembly of a 
nuclease complex that targets homologous RNAs for degradation. 

This effector nuclease, now known as RISC (RNA-induced silenc- 
ing complex) , was isolated from extracts of Drosophila S2 cells in 
which RNAi had been triggered by treatment with dsRNA in vivo 31 . A 
key question was how this complex might identify cognate sub- 
strates. Fire and Mello had originally proposed that some derivative 
of the dsRNA would guide the identification of substrates for RNAi, 
and the first clue in the hunt for such 'guide RNAs' came from the 
study of silencing in plants. Hamilton and Baulcombe 32 sought 
antisense RNAs that were homologous to genes being targeted by 
co-suppression. They found a -25-nucleotide RNA that appeared 
only in plant lines containing a suppressed transgene, and found that 
similar species appeared during virus-induced gene silencing. Simi- 
lar small RNAs were produced from dsRNAs in Drosophila embryo 
extracts 33 , and partial purification of the RISC complex showed that 
these small RNAs co-fractionated with nuclease activity 31 . 

These findings forged a link between transgene co-suppression in 
plants and RNAi in animals. In addition, a model for RNAi and relat- 
ed silencing phenomenon began to emerge (Fig. 2) . According to this 
model, initiation of silencing occurs upon recognition of dsRNA by a 
machinery that converts the silencing trigger to ~21-25-nucleotide 
RNAs. These small interfering RNAs (siRNAs) are a signature of this 
family of silencing pathways and, by joining an effector complex 
RISC, they guide that complex to homologous substrates. 

This convergence of observations from diverse experimental 
systems suggested that a conserved biochemical mechanism would lie 
at the core of homology-dependent gene-silencing responses. 



However, the varied biology of dsRNA-induced silencing — for 
example, the heritable and systemic nature of silencing in C. elegans 
compared to apparently cell-autonomous, non-heritable silencing in 
Drosophilaand mammals — suggested that this core machinery prob- 
ably adapted to meet specific biological needs in different organisms. 

The initiation step 

The model outlined in Fig. 2 implies that the dsRNA silencing trigger 
is cleaved to produce siRNAs. Support for this emerged first from 
studies of Drosophila embryo extracts, which contained an activity 
capable of processing long dsRNA substrates into -22 -nucleotide 
fragments 33 . Analysis of these RNAs showed that they were double 
stranded and contained 5'-phosphorylated termini 33,34 . The quest for 
the enzyme that initiates RNAi led to the RNase III ribonuclease fami- 
ly, which displays specificity for dsRNAs and generates such termini. 

RNase III enzymes can be divided into three classes based upon 
domain structure: bacterial RNase III contains a single catalytic 
domain and a dsRNA-binding domain; Drosha family nucleases 
contain dual catalytic domains 35 ; and a third family also contains 
dual catalytic domains and additional helicase and PAZ motifs 36 . 
Members of this third class of RNases were found to process dsRNA 
into siRNAs and were therefore proposed to initiate RNAi 36 . This 
family, now named the Dicer enzymes, are evolutionarily conserved, 
and proteins from Drosophila, Arabidopsis, the insect Spodoptera 
frugiperda, tobacco, C. elegans, mammals and Neurospora have all 
been shown to recognize and process dsRNA into siRNAs of a charac- 
teristic size for the relevant species (refs 36, 37, and A. M. Denli and 
G.J.H., unpublished data). Genetic evidence has also emerged from 
C. elegans and Arabidopsis that is consistent with Dicer acting in the 
RNAi pathway: Dicer is required for RNAi in the C. elegans 
germline 37 " 39 , and a hypomorphic allele of Carpel Factory can 
intensify the phenotypes of weak Argonaute-1 alleles in Arabidopsis 
(C. Kidner and R. Martienssen, personal communication) . 

Recently, the structure of an RNase III catalytic domain has led to 
a model for the generation of ~22-nucleotide RNAs by Dicer cleav- 
age 40 (Fig. 2). It is thought that bacterial RNase III functions as a 
dimeric enzyme and, in the structural model, antiparallel RNase III 
domains produce two compound catalytic centres, each of which is 
formed by contributions from both monomers. The sequences of 
Dicer and Drosha RNase III domains reveal deviations from the 
consensus in both enzymes. Introduction of these alterations into 
bacterial RNase III permitted a genetic test for domain function: 
defects were noted upon introduction of residues that form part of 
the catalytic centre from the second RNase III domain of Dicer family 
members. Antiparallel alignment of Dicers RNase III motifs on a 
dsRNA substrate could produce four compound active sites, but the 
central two of these would be inactive. In this way, cleavage would 



NATURE | VOL 4 18 1 1 1 JULY 2002 1 www.nature.com/nature 2002 Nature Publishing Group 



245 



insight 'fmnmrj sr:ti@less 




Figure 2 Dicer and RISC (RNA-induced silencing complex), a, RNAi is initiated by the 
Dicer enzyme (two Dicer molecules with five domains each are shown), which 
processes double-stranded RNA into -22-nucleotide small interfering RNAs 36 Based 
upon the known mechanisms for the RNase III family of enzymes, Dicer is thought to 
work as a dimeric enzyme. Cleavage into precisely sized fragments is determined by 
the fact that one of the active sites in each Dicer protein is defective (indicated by an 
asterisk), shifting the periodicity of cleavage from -9-11 nucleotides for bacterial 
RNase III to -22 nucleotides for Dicer family members 40 . The siRNAs are 
incorporated into a multicomponent nuclease, RISC (green). Recent reports suggest 
that RISC must be activated from a latent form, containing a double-stranded siRNA 
to an active form, RISC', by unwinding of siRNAs 41 . RISC' then uses the unwound 
siRNA as a guide to substrate selection 31 . b, Diagrammatic representation of Dicer 
binding and cleaving dsRNA (for clarity, not all the Dicer domains are shown, and the 
two separate Dicer molecules are coloured differently). Deviations from the 
consensus RNase III active site in the second RNase III domain inactivate the central 
catalytic sites, resulting in cleavage at 22-nucleotide intervals. 



homologous targets, and one intriguing correlation with the transi- 
tion of RISC zymogens to active enzymes is siRNA unwinding 41 . 

My laboratory has purified RISC from DrosophiJa S2 cells as a 
-500K ribonucleoprotein with slightly different characteristics 31 ' 42 . 
In embryo extracts. RISC* (the 100K active RISC species) cleaves its 
substrates endonucleolytically 41 . Intermediate cleavage products are 
never observed in even the most highly purified RISC preparations 
from S2 cells, suggesting the presence of an exonuclease in mis 
enzyme complex. Therefore, the complex formed in vivo probably 
contains additional factors that account for observed differences in 
size and activity. Alternatively, RISC purified from S2 cells may 
become activated — perhaps changing size and subunit composition 
— upon incubation with ATP. 

RISC from S2 cells co-purifies with AG02, a member of the 
Argonaute gene family 42 . Argonaute proteins were first identified in 
Arabidopsis mutants that produced altered leaf morphology 43 , and 
form a large, evolutionarily conserved gene family with representa- 
tives in most eukaryotic genomes, with the possible exception of 
Saccharomyces cerevisiae (reviewed in ref. 44). These proteins are 
characterized by the presence of two homology regions, the PAZ 
domain and the Piwi domain, the latter being unique to this group of 
proteins. The PAZ domain also appears in Dicer proteins, and maybe 
important in the assembly of silencing complexes 36 . 

Argonaute proteins were linked to RNAi by genetic studies in 
C. eiegans, whose genome contains >20 related genes. The rde-1 gene 
was isolated by Mello and colleagues 25 from a mutant worm that was 
unable to sustain RNAi in germline or soma. Using genetic methods, 
Grishok and colleagues 45 found a requirement for RDE- 1 and RDE-4 
for initiation of silencing in a parental animal; however, neither func- 
tion was required for systemic silencing in F } progeny. In contrast 
MUT-7 (ref. 46) and RDE-2 were both dispensable in the parent, but 
were required in their progeny. 

Rationalizing these results with the simple model proposed above is 
difficult. Indeed, RDE-4 is a small dsRNA-binding protein, and both 
RDE-1 and RDE-4 can interact with C. elegansDicer (H. Tabara etaL, 
unpublished data). Perhaps RDE-4 initially recognizes dsRNA and 
delivers it to the Dicer enzyme. This would be consistent with the 
observation that siRNA levels are greatly reduced in worms that lack 
RDE-4 function, but are abundant in worms that lack RDE-1 
(ref. 47) . Similarly, in Neuwspora, mutations in the Argonaute family 
member qde-2 eliminate quelling (transgene co-suppression), but do 
not alter accumulation of siRNAs 48 . Thus RDE-1, and perhaps other 
Argonaute proteins as well, might shuttle siRNAs to appropriate effec- 
tor complexes (RISCs) . Consistent with this notion, we have detected 
transient interactions in S2 cell extracts between Dicer and Argonaute 
family members (ref. 42, and A. Caudy, unpublished data) . This model 
has implications for signal amplification and systemic silencing. 



occur at ~22-base intervals, and subtle alterations in Dicer structure Amplification and spreading of silencing 

could alter the spacing of these catalytic centres and explain the One of the most provocative aspects of RNAi in C. eiegans is its ability 

species-specific variation in siRNA length (A. Denli and G.J.H, to spread throughout the organism, even when triggered by minute 

unpublished results) . quantities of dsRNA 1 . Similar systemic silencing phenomena have 

been observed in plants , in which silencing could pervade a plant or 

The effector Step even be transferred to a naive grafted scion 49 . Accounting for these 

In the DrosophiJa system, RNAi is enforced by RISC, a protein-RNA phenomena requires firstly a system to pass a signal from cell to cell, 

effector nuclease complex that recognizes and destroys target and secondly a strategy for amplifying the signal. 
mRNAs. The first subunit of RISC to be identified was the siRNA, Recently, a phenomenon termed 'transitive RNAi* has provided 

which presumably identifies substrates through Watson-Crick base- some useful clues. Transitive RNAi refers to the movement of the 

pairing 31 . Zamore and colleagues have recently shown that RISC is silencing signal along a particular gene (Fig. 3). For example, in 

formed in embryo extracts as a precursor complex of -250K; this C. eiegans, targeting the 3' portion of a transcript results in suppres- 

becomes activated upon addition of ATP to form a -100K complex sion of that mRNA and in the production of siRNAs homologous to 

that can cleave substrate mRNAs 41 . Cleavage is apparently endonu- the targeted region. In addition, siRNAs complementary to regions of 

cleolytic, and occurs only in the region homologous to the siRNA. the transcript upstream from the area targeted directly by the silencing 

siRNAs are double-stranded duplexes with two-nucleotide 3' over- trigger also appear and accumulate 50 . If these siRNAs are complemen- 

hangs and 5'-phosphate termini 33,34 , and this configuration is tary to other RNAs, those are also targeted (hence, 'transitive' RNAi). 
functionally important for incorporation into RISC complexes 34 ' 41 . In both plants and C. eiegans, dsRNA-induced silencing requires 

However, single-stranded siRNAs should be most effective at seeking proteins similar in sequence to a tomato RNA-directed RNA 
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Figure 3 Transitive RNAi. In transitive RNAi in C. elegans, silencing can travel in a 3' 
to 5' direction on a specific mRNA target 50 . The simplest demonstration comes from 
the creation of fusion transcripts. Consider a fragment of green fluorescent protein 
(GFP) fused 3' to a segment of UNC-22 (left). Targeting GFP abolishes fluorescence 
but also creates an unexpected, uncoordinated phenotype. This occurs because of 
the production of double-stranded RNA and consequently small interfering RNAs 
homologous to the endogenous UNC-22 gene, In a case in which GFP is fused 5' to 
the UNC-22 fragment (right), GFP dsRNA still ablates fluorescence but does not 
produce an uncoordinated phenotype. 



polymerase (RdRP) 51 , which could be involved in amplifying the RNAi 
signal. However, only the tomato enzyme has been shown to possess 
polymerase activity, and biochemical studies will be required to estab- 
lish definitively the role these proteins play in RNAi. In Arabidopsis, 
SDE1/SGS2 is required for transgene silencing, but not for virally 
induced gene silencing (VIGS) I9,52 . This suggests that SDE1/SGS2 may 
act as an RdRP, as viral replicases could substitute for this function in 
VIGS. In Neurospora, QDE- 1 is required for efficient quelling 53 . EGO- 1 
is essential for RNAi in the germline of C. elegans*, and another 
RdRP homologue, RRF-l/RDE-9, is required for silencing in the 
soma 50 (D. Conte and C. Mello, unpublished data) . 

These genetic studies have led to a model for transitive RNAi in 
which siRNAs might prime the synthesis of additional dsRNA by 
RdRPs. RdRP activity has been reported recently from Drosophila 
embryo extracts 55 , although transitive RNAi has yet to be observed in 
flies. While numerous experiments suggest that an RdRP is not 
required for RNAi in Drosophila extracts, the possibility remains that 
such an enzyme might act, for example, in triggering RNAi by the 
production of dsRNA from dispersed, multicopy transgenes. 

The fact that RDE- 1 and RDE-4 are required only for initiation of 
RNAi in parental C. elegansadds an additional layer of complexity to 
the model. Perhaps exogenous dsRNAs are recognized initially in 
manner that is distinct from recognition of secondary dsRNA, which 
may be produced by RdRPs. For example, the proposed function of 
RDE-4 in delivering dsRNA to Dicer could be substituted for sec- 
ondary dsRNAs by another hypothetical protein. Alternatively, Dicer 
could exist in a stable complex with an RdRP, making dsRNA delivery 
unnecessary. The requirement for RRF-l/RDE-9 throughout the 



C. elegans soma — and the similar requirement for SDE1/SGS2 in 
plants — also suggests that most RNAi in these systems is driven by 
secondary siRNAs produced through the action of RdRPs. 

However, other possibilities also exist. Indeed, in plants, transitive 
RNAi travels in both 3'-»5' and 5'-»3' directions 56 , which is incon- 
sistent with the simple notion of siRNAs priming dsRNA synthesis. 
Instead, one can imagine that genomic loci may serve as a reservoir 
for silencing. In some systems, it is known that exposure to dsRNA 
can produce alterations in chromatin structure, which could lead to 
the production of aberrant' mRNAs that are substrates for conver- 
sion to dsRNA by RdRPs. This model would permit bi-directional 
spread, as such an expansion of altered chromatin structure is an 
established phenomenon. Moreover, a similar model could explain 
co-suppression that is occasionally triggered by single-copy, 
dispersed transgenes. Finally, this model would be consistent with 
transitive effects that have been observed for both transcriptional 
and post-transcriptional silencing in Drosophila, which operate in 
the absence of any homology in the transcribed RNA, and thus differ 
from 'transitive RNAi' in C. elegans 1 *' 2 *. But support for a genome- 
based amplification model remains elusive, as does the nature of the 
aberrant' RNAs that trigger siRNA formation and an explanation for 
how chromatin modifications could induce their production. 

Although these models suggest mechanisms for cell-autonomous 
amplification of the silencing signal, the character of the signal that 
transmits systemic silencing in plants and animals is unknown. Two 
candidates are siRNAs themselves or long dsRNAs, perhaps formed 
via RdRP-dependent amplification. 

Note that, in plants, two types of transmission must be 
considered. The first is short-range, cell-to-cell transmission. Plant 
cells are intimately connected through cytoplasmic bridges known as 
plasmodesmata. Movement of RNA and proteins via these cell-cell 
junctions is well known, and it is likely that either long dsRNA or 
siRNAs could be passed through these connections. But the silencing 
signal must also be passed over a longer range through the plant 
vasculature 57 . In this regard, studies of a viral silencing inhibitor have 
provided evidence against siRNAs being critical for systemic silenc- 
ing in plants. He-Pro suppresses silencing and also interferes with the 
production of siRNAs from dsRNA triggers 58 . Expression of He-Pro 
does not interfere with transgene methylation, which results in 
transcriptional gene silencing (TGS) if present in the promoter and 
which may contribute to post-transcriptional gene silencing (PTGS) 
if present in the transcribed sequence. He-Pro expression in a 
silenced rootstock relieves silencing and inhibits siRNA production, 
but a systemic signal can still be passed from this rootstock to an 
engrafted scion lacking He-Pro expression. 

Recently, Hunter and colleagues identified a protein in C. elegans 
that is required for systemic silencing 59 . The sid-l gene encodes a 
transmembrane protein that may act as a channel for import of the 
silencing signal. Expression of sid-l is largely lacking from neuronal 
cells, perhaps explaining initial observations that C. elegans neurons 
were resistant to systemic RNAi. SID-1 homologues are absent from 
Drosophila, consistent with a lack of systemic transmission of silenc- 
ing in flies, but are present in mammals, raising the possibility that 
some aspects of RNAi may act non-cell autonomously in mammals. 

Other components of the RNAi machinery 

A combination of genetics and biochemistry has led to much 
progress towards understanding the mechanism of PTGS, but many 
questions remain. In Drosophila embryo extracts, pre-RISC becomes 
activated upon unwinding of siRNAs in an ATP-dependent process. 
A number of different helicases have been identified in searches for 
RNAi-deficient mutants (for example, QDE-3, MUT6 and 
MUT-14), and any of these might be candidates for a RISC activa- 
tor 60 " 62 . Additionally, the identities of RISC-associated nucleases that 
cleave targeted mRNAs remain elusive. Studies of RISC formed in 
embryo extracts suggest an endonuclease that cleaves the 
siRNA-mRNA hybrid near the middle of the duplex, while RISC 
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formed in vivo may have additional exonuclease activities. The 
MUT-7 protein, which is essential for RNAi in the C. elegans germ 
line, has nuclease homology, but a Drosophila relative of this protein 
has not yet been found in RISC (ref. 46, and S. Hammond, unpub- 
lished data) . The efficiency of RNAi suggests an active mechanism for 
searching the transcriptome for homologous substrates. Most 
Drosophila RISC might be associated with the ribosome 31 , and recent 
studies have extended this observation to trypanosomes (E. Ullu, 
unpublished data) . Finally, relationships between the RNAi machin- 
ery and other aspects of RNA metabolism in the cell must be 
explored. For example, genetic evidence 63 suggests a link between 
RNAi and nonsense-mediated decay, raising the possibility that the 
RNAi machinery may be important in destruction of improperly 
processed mRNAs or in the general regulation of mRNA stability. 

RNAi and the genome 

In plants, dsRNA induces genomic methylation at sites of sequence 
homology (ref. 22, reviewed in ref. 64) . Methylation is asymmetric 
and is not restricted to CpG or CpXpG sequences. If methylation 
occurs in the coding sequence, it has no apparent effect on the 
transcription of the locus, although silencing still occurs at the post- 
transcriptional level. Methylation of the promoter sequence induces 
TGS 23 , which unlike PTGS is stable and heritable 21 . Thus, dsRNA can 
clearly trigger alterations at the genomic level, but the degree to 
which these alterations are relevant to PTGS remains uncertain. 

Recent studies have begun to generalize the notion of an intimate 
connection between the RNAi machinery and the genome, and to 
draw mechanistic links between PTGS and TGS. For example, in 
C. elegans, mut-7 and rde-2 mutations de-repress transgenes that are 
silenced at the level of transcription by a polycomb-dependent 
mechanism 25 . Polycomb-group proteins function by organizing 
chromatin into open' or closed' conformations, creating stable and 
heritable patterns of gene expression. Recently, Goldstein and col- 
leagues found that the polycomb proteins MES-3, MES-4 and MES-6 
are required for RNAi, at least under some experimental 
conditions 26 . Mutant worms were deficient in the RNAi response if 
high levels of dsRNA were injected, but were not deficient in the 
presence of limiting dsRNA, Of course, the effects of these mutants 
could be indirect, altering the expression of other elements or regula- 
tors of the RNAi pathway. However, links between altered chromatin 
structures and dsRNA-induced gene silencing have also emerged 
from plant and Drosophila systems. In particular, alterations of either 
methyltransferases {MET1) or chromatin remodelling complexes 
(for example, DDM1) can affect both the degree and persistence of 
silencing in Arabidopsis 2165 . Conversely, mutations in genes required 



for PTGS (for example, AGOl and SGS2) decrease both co-suppres- I 
sion and transgene methylation 65 . Furthermore, mutation of piwi, a 
relative of the RISC component Argonaute-2 t compromises co- 
suppression of dispersed transgenes in Drosophila at both the 
post-transcriptionaland transcriptional levels 24 . 

Thus, one of the most fascinating and least-explored responses to 
dsRNA involves a possible recognition of genomic DNA by 
derivatives of the silencing trigger, possibly siRNAs. One model 
suggests that a variant, nuclear RISC carries a chromatin remodelling 
complex rather than a ribonuclease to its cognate target. Indeed, 
Martienssen, Grewal and colleagues have recently noted a require- 
ment for relatives of Dicer and RISC components in the silencing of 
centromeric repeats in Schizosaccharomyces pomhe (T. Volpe, C. Kid- 
ner, I. Hall, S. Grewal and R. Martienssen, personal communication) . 
It seems therefore that a principal biological function of the RNAi 
machinery may be to form heterochromatic domains in the nucleus 
that are critical for genome organization and stability. 

Biological functions of RNAi 

Because target identification depends upon Watson-Crick base- 
pairing interactions, the RNAi machinery can be both flexible and 
exquisitely specific. Thus, this regulatory paradigm may have been 
adapted and adopted for numerous cellular functions. For example, 
in plants, RNAi forms the basis of VIGS. suggesting an important role 
in pathogen resistance. An elegant proof of this hypothesis comes 
from the genetic links between virulence and RNAi pathways (refs 52, 
67, and reviewed in ref. 68). Many plant viruses encode suppressors 
of PTGS that are essential for pathogenesis, and these virulence deter- 
minants can be masked by host mutations in silencing pathways. 
RNAi has also been linked to the control of endogenous parasitic 
nucleic acids. In C. elegans, some RNAi -deficient strains are also 
'mutators' owing to increased mobility of endogenous trans- 
posons 25,46 . In many systems, transposons are silenced by their 
packaging into heterochromatin (reviewed in ref. 64) . Therefore, it is 
tempting to speculate that RNAi may stabilize the genome by 
sequestering repetitive sequences such as mobile genetic elements, 
preventing transposition and making repetitive elements unavail- 
able for recombination events that would lead to chromosomal 
translocations. However, it remains to be determined whether RNAi 
regulates transposons through effects at the genomic level or by post- 
transcriptionally targeting mRNAs (for example, those encoding 
transposases) that are required for transposition. 

A role for RNAi pathways in the normal regulation of endogenous 
protein-coding genes was originally suggested through the analysis 
of plants and animals containing dysfunctional RNAi components. 



Figure 4 Small interfering RNAs versus small temporal 
RNAs. Double-stranded siRNAs of length -21-23 
nucleotides are produced by Dicer from dsRNA silencing 
triggers. Characteristic of RNase III products, these have 
two-nucleotide 3' overhangs and 5'-phosphorylated 
termini. To trigger target degradation with maximum 
efficiency, siRNAs must have perfect complementarity to 
their mRNA target (with the exception of the two terminal 
nucleotides, which contribute only marginally to 
recognition). stRNAs, such as lin-4 and let-7, are 
transcribed from the genome as hairpin precursors. 
These are also processed by Dicer, but in this case, only 
one strand accumulates. Notably, neither lin-4 nor let-7 
show perfect complementarity to their targets. In addition, 
stRNAs regulate targets at the level of translation rather 
than RNA degradation. It remains unclear whether the 
difference in regulatory mode results from a difference in 
substrate recognition or from incorporation of siRNAs and 
stRNAs into distinct regulatory complexes. 
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Figure 5 A model for the mechanism of RNAi. Silencing triggers in the form of double- 
stranded RNA may be presented in the cell as synthetic RNAs, replicating viruses or may 
be transcribed from nuclear genes. These are recognized and processed into small 
interfering RNAs by Dicer The duplex siRNAs are passed to RISC (RNA-induced 
silencing complex), and the complex becomes activated by unwinding of the duplex. 
Activated RISC complexes can regulate gene expression at many levels. Almost 



certainly, such complexes act by promoting RNA degradation and translations 
inhibition. However, similar complexes probably also target chromatin remodelling. 
Amplification of the silencing signal in plants may be accomplished by siRNAs priming 
RNA-directed RNA polymerase (RdRP) -dependent synthesis of new dsRNA. This could 
be accomplished by RISC-mediated delivery of an RdRP or by incorporation of the siRNA 
into a distinct, RdRP-containing complex. 



Mutations in the Argonaute-1 gene of Arabidopsis, for example, cause 
pleiotropic developmental abnormalities that are consistent with 
alterations in stem-cell fate determination 43 . A hypomorphic 
mutation in Carpel Factory, an Arabidopsis Dicer homologue, causes 
defects in leaf development and overproliferation of floral 
meristems 69 . Mutations in Argonaute family members in Drosophiia 
also impact normal development. In particular, mutations in 
Argonaute-1 have drastic effects on neuronal development 70 , and 
piwi mutants have defects in both germline stem-cell proliferation 
and maintenance 71 . 

This should not be interpreted as a demonstration that PTGS 
pathways regulate endogenous gene expression per se. In fact, 
separation-of-function agol mutants have recendy been isolated that 
preferentially affect PTGS 72 without affecting development. Muta- 
tions in Zwille, another Argonaute family member, also alter stem-cell 
maintenance 73 , and this occurs without perceptible impact on 
dsRNA-mediated silencing 72 . Thus, components of the RNAi 
machinery, and related gene products, may function in related but 
separable pathways of gene regulation. 

A possible mechanism underlying the regulation of endogenous 
genes by the RNAi machinery emerged from the study of C. elegans 
containing mutations in their single Dicer gene, DCR-1. Unlike most 
other RNAi-deflcient worm mutants, dcr-1 animals were neither 
normal nor fertile: the mutation induced a number of phenotypic 
alterations in addition to its effect on RNAi 37 " 39,74 . Intriguingly, Dicer 
mutants showed alterations in developmental timing similar to those 
observed in let-7 and lin-4 mutants. The lin-4 gene was originally 
identified as a mutant that affects larval transitions 75 , and let-7 was 
subsequently isolated as a similar heterochrony mutant 23 . These loci 
encode small RNAs, which are synthesized as ~70-nucleotide 
precursors and post-transcriptionally processed to a -21 -nucleotide 
mature form. Genetic and biochemical studies have indicated that 
these RNAs are processed by Dicer 37 " 39 74 . 



The small temporal RNAs (stRNAs) encoded by let-7 and lin-4 are 
negative regulators of specific protein-coding genes, as might be 
expected if stRNAs trigger RNAi. However, stRNAs do not trigger 
mRNA degradation, but regulate expression at the translational 
level 76 * 77 . This raised the possibility that stRNAs and RNAi might be 
linked only by the processing enzyme Dicer. However, Mello and 
colleagues demonstrated a requirement for Argonaute family 
proteins (that is, Alg-1 and Alg-2) in both stRNA biogenesis and 
stRNA-mediated suppression 39 , which led to a model in which the 
effector complexes containing siRNAs and stRNAs are closely related, 
but regulate expression by distinct mechanisms (Fig. 4). Neither 
LIN-4 nor LET-7 forms a perfect duplex with its cognate target 78 . Thus, 
in one possible model an analogous RISC complex is formed contain- 
ing either siRNAs or stRNAs. In the former case, cleavage is dependent 
upon perfect complementarity, while in the latter, cleavage does not 
occur, but the complex blocks ribosomal elongation. Alternatively, 
siRNAs and stRNAs may be discriminated and enter related but dis- 
tinct complexes that target substrates for degradation or translational 
regulation, respectively. Consistent with this latter model is the obser- 
vation that siRNAs or exogenously supplied hairpin RNAs that contain 
single mismatches with their substrates fail to repress, rather than sim- 
ply shifting their regulatory mode to translational inhibition 34,79,80 . 

In this scenario, RISC may be viewed as a flexible platform upon 
which different regulatory modules may be superimposed (Fig. 5). 
The core complex would be responsible for receiving the small RNA 
from Dicer and using this as a guide to identify its homologous sub- 
strate. Depending upon the signal (for example, its structure and 
localization), different effector functions could join the core: in 
RNAi, nucleases would be incorporated into RISC, whereas in 
stRNA-mediated regulation, translational repressors would join the 
complex. Transcriptional silencing could be accomplished by the 
inclusion of chromatin remodelling factors, and one could imagine 
other adaptations might exist. 
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Whether or not RISC is a flexible regulator becomes particularly 
important in light of recent findings that let-7 and lin-4 are 
archetypes of a large class of endogenously encoded small RNAs. 
Over 100 of these micro RNAs or miRNAs have now been identified 
in Drosophila, C. eJegans and mammals 81 ~*\ and although their 
functions are unknown, their prevalence hints that RNAi- 
related mechanisms may have pervasive roles in controlling gene 
expression. In this regard, a number of miRNAs from Drosophila 
are partially complementary to two sequences, the K box and the 
Brd box, that mediate post-transcriptional regulation of numerous 
mRNAs 85 . 

RNAi and genomics 

RNAi has evolved into a powerful tool for probing gene function. In 
C. elegans, testing the functions of individual genes by RNAi has now 
extended to analysis of nearly all of the worm's predicted -19,000 
genes (J. Ahringer, unpublished data) . Similar strategies are being 
pursued in other organisms, including plants (D. Baulcombe and 
R Waterhouse, personal communication). Although it seemed for 
some time that deploying RNAi in mammalian systems would not 
be feasible, the first hint that the technology might work came when 
RNAi was demonstrated in early mouse embryos 86,87 . But this 
appeared to be of limited utility, as mammalian somatic cells, but not 
some embryonic cells, exhibit nonspecific responses to dsRNA which 
would obscure sequence-specific silencing. One of these is the 
RNA-dependent protein kinase (PKR) pathway, which responds to 
dsRNA by phosphorylating EIF-2a and nonspecifically arresting 
translation 88 . Tuschl and colleagues then showed that siRNAs them- 
selves could be used to induce effective silencing in many mammalian 
cells 79 . These small RNAs, which are chemically synthesized mimics 
of Dicer products, are presumably incorporated into RISC and target 
cognate substrates for degradation. The siRNAs are too small to 
induce nonspecific dsRNA responses such as PKR 89 . 

One drawback that siRNAs have is that their effects are transient, 
as mammals apparently lack the mechanisms that amplify silencing 
in worms and plants. In several systems, including plants, Drosophila, 
C. elegans and trypanosomes, RNAi has been made stable and 
heritable by enforced expression of the silencing trigger, usually as an 
inverted repeat sequence forming a hairpin structure in wVo 90 ' 95 . We 
have reported mammalian cell lines in which genes are stably 
suppressed by RNAi through the expression of a 500-base-pair 
dsRNA 96 . However, this approach was limited to cell types that 
lacked generic responses to dsRNA such as the PKR pathway. Recent- 
ly, we and others have shown that short hairpin RNAs (shRNAs) 
modelled on miRNAs can be used to manipulate gene expression 
experimentally 80,97 98 . These may be expressed in vivo from RNA poly- 
merase III (Pol III) promoters to induce stable suppression in 
mammalian cells. 

The availability of stable triggers of RNAi builds upon the utility 
of siRNAs in several ways. Induced phenotypes can now be observed 
over long time spans. Stably engineered cells can be assayed either in 
vitrooT in vivo, perhaps testing the angiogenic or metastatic potential 
of tumour cells in xenograft models. RNAi may potentially be used to 
create hypomorphic alleles rapidly in transgenic mice. If inducible 
Pol III promoters were used 99,1 , this could permit a powerful 
approach akin to the use of tissue-specific Gal4-drivers in Drosophila. 
Finally, shRNAs could be combined with existing high-efficiency 
gene delivery vehicles to create bona //deRNAi-based therapeutics. In 
this regard, we have successfully delivered shRNAs from replication- 
deficient retroviruses, and foresee numerous applications for ex vivo 
manipulation of stem cells based upon this paradigm. For example, a 
patient's own bone marrow stem cells could be engineered to resist 
HIV infection by targeting either the HIV RNA itself or receptors 
necessary for HIV infection (for example, CCR5). Furthermore, we 
see no conceptual barrier to incorporating this strategy for targeted 
suppression into adenovirus or herpesvirus-based delivery vehicles. 
Ultimately, the exquisite specificity of RNAi may make it possible 
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to silence a disease-causing mutant aDele specifically, such as an 
activated oncogene, without affecting the normal allele. 

Perspective 

Over the past few years, the way in which cells respond to dsRNA by 
silencing homologous genes has revealed a new regulatory paradigm 
in biology. This response can be triggered in many different ways, 
ranging from experimental introduction of synthetic silencing trig- 
gers to the transcription of endogenous RNAs that regulate gene 
expression. We are only beginning to appreciate the mechanistic 
complexity of this process and its biological ramifications. RNAi has 
already begun to revolutionize experimental biology in organisms 
ranging from unicellular protozoans to mammals. RNAi has been 
applied on the whole-genome scale in C. elegansand this goal is being 
pursued in plant systems. My laboratory, as part of the larger cancer 
genomics effort, has undertaken to target, individually, every gene in 
the human genome using expressed shRNAs. This will permit 
large-scale loss-of function genetic screens and rapid tests for genetic 
interactions to be performed for the first time in mammalian cells. 
Such approaches hold tremendous promise for unleashing the 
dormant potential of sequenced genomes. □ 
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Abstract 

Double-stranded (ds) RNA-induced sequence-specific interference with gene expression, RNA interference (RNAi), has been 
extensively used in invertebrates, allowing for efficient and high-throughput gene silencing and gene function analysis. In 
vertebrates, however, use of RNAi to study gene function has been limited due to non-specific effects induced by double-stranded 
RNA (dsRNA)-dependent protein kinase and interferon activation. dsRNA-induced specific inhibition of vertebrate gene 
expression has only been shown in embryonic and non-differentiated mammalian cells. In this report, we demonstrate dsRNA- 
induced specific interference of gene expression and gene function in partially as well as fully differentiated mouse neuroblastoma 
cells. Specific silencing was observed in the expression of an integrated transgene coding for green fluorescent protein and a variety 
of endogenous genes. Moreover, we show that RNAi-mediated inhibition of poly (ADP-ribose) polymerase (PARP) expression 
induced cellular resistance to oxygen -glucose deprivation, consistent with the role of PARP in ischemia-induced brain damage. Our 
results indicate that RNAi can be used as a powerful tool to study gene function in neural cells. 
© 2002 Elsevier Science B.V. All rights reserved. 

Keywords: RNAi; Neural cells; Differentiation; Gene-silencing; Validation; Oxygen -glucose deprivation 



1. Introduction 

Specific gene silencing mediated by double-stranded 
RNA (dsRNA), or RNA interference (RNAi), has been 
widely used to study gene function in diverse inverte- 
brate systems, such as C elegans and Drosophila (Fire 
et al., 1998; Kennerdell and Carthew, 1998; Hammond 
et al., 2000; Sharp and Zamore, 2000). The identification 
of a small RNA species of ~ 25 bp nucleotides in plants 
undergoing post-transcriptional silencing (PTGS) pro- 
vided a key insight into the understanding of the 
mechanistic basis of RNAi (Hamilton and Baulcombe, 
1999). In cell-free systems with extracts of Drosophila 
embryos and Schneider cells, dsRNA is processed into 
21-25 nt small inhibitory RNA (siRNA), which guides 
the degradation of target mRNA at 21-23 nt intervals 
(Tuschl et al., 1999; Zamore et al., 2000). 
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Unlike invertebrate cells, most mammalian cells 
respond to dsRNAs longer than 30 bp by inducing 
interferon a and P expression and activating dsRNA- 
dependent protein kinase (PKR) and 2\ 5' oligoadeny- 
late synthetase, leading to a general inhibition of protein 
synthesis and non-specific degradation of mRNA by 
RNase L (Stark et al, 1998). However, potent and 
specific dsRNA-mediated inhibition of gene expression 
was observed in mouse embryos microinjected with long 
dsRNA, suggesting the existence of the RNAi machin- 
ery in mammalian cells (Wianny and Zernicka-Goetz, 
2000). Use of RNAi in mammalian cells was further 
validated and greatly expanded by Tuschl and collea- 
gues, in which siRNAs were used to induce gene-specific 
silencing in a variety of mammalian cell lines (Elbashir 
et al., 2001). However, potent and specific RNAi- 
mediated silencing was not achieved with long dsRNA 
in commonly used mammalian cells, including Hela, 
HEK293, CHO, NIH3T3 cells, due to non-specific 
inhibition of gene expression (Ui-Tei et al., 2000; 
Elbashir et al., 2001). Recent studies reported that 
long dsRNA-induced efficient RNAi in non-differen- 
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tiated mouse embryonic teratocarcinoma cell lines which 
are deficient in some of the dsRNA- and IFN-activated 
enzymes (Billy et al., 2001; Yang et al., 2001; Paddison 
et al., 2002). 

In this report we show that dsRNAs with an average 
size of 500-700 base pairs are able to mediate gene- 
specific silencing of an integrated transgene and endo- 
genous genes in partially and fully differentiated mouse 
neuroblastoma AGYNB010 cells, derived from N2a 
cells. Using AGYNB010 cells that stably express green 
fluorescent protein (GFP), we show that the expression 
level of GFP is significantly attenuated by dsRNA 
derived from the GFP ORF, but not by dsRNA derived 
from unrelated genes. In addition, we have shown 
efficient silencing of several endogenous genes involved 
in apoptosis, housekeeping, and signal transduction. 
RNAi-mediated gene silencing was then used as an 
efficient knockdown tool to confirm the role of an 
endogenous gene, PARP, in oxygen -glucose depriva- 
tion (OGD)-induced neuronal damage (Eliasson et al., 
1997). Transfection of dsRNA derived from either the 
N-terminal or C-terminal part of PARP ORF strongly 
inhibited expression of PARP. Moreover, inhibition of 
PARP expression induced cellular resistance to OGD, 
which is consistent with the role of the PARP protein in 
ischemia-induced brain damage. Our results indicate 
that RNAi-mediated gene silencing is a useful tool to 
elucidate gene function in these neural cells. 



2. Methods 



2.1. Double-stranded RNA 

Sequence-specific primers were used to generate 
partial clones to be inserted into PCR4TOPO, which 
served as templates for in vitro transcription to generate 
sense and antisense transcripts using T3 and T7 poly- 
merases (Ambion). An equal molar ratio of sense and 
antisense transcripts were heated at 60 °C for 30 min 
and cooled to room temperature for more than 15 min 
for annealing. The dsRNA preparation was treated with 
RNase Tl to eliminate any remaining single-stranded 
RNA. The quality of the dsRNA preparations was 
analyzed on 1.2% native agarose gels. Primers used for 
PGR were: 

Fragment corresponding to the N-terminal fragment 
of PARP, PARP-N: AGAAGGATGGCG- 
GAGGCCTCGG and CTGCTTTCTGGAGG- 
GAATATTC; 

Fragment corresponding to the C-terminal fragment 
of PARP, PARP-C: AGGCCGCCTACTC- 



TATCCTCAGCGA and CTCCCTGA- 
GATGTGTGGCAGTAGT. 

For other endogenous genes selected to be silenced, 
the locations of the primers are listed in Fig. 2B. 

2.2. Culture and transfection of cells 

A cell population, AGYNB010, was derived from 
N2a cells (ATCC, CCL-131) by growing in growth 
medium containing Dulbecco's modified minimal essen- 
tial medium (DMEM, high glucose) (Invitrogen) for 
more than 30 generations. AGYNB010 cells show 
higher sensitivity to OGD than N2a cells (data not 
shown). The growth medium was supplemented with 
10% (v/v) fetal bovine serum (Invitrogen), penicillin (100 
units/ml) and streptomycin (100 ng/ml). For differentia- 
tion, AGYNB010 cells were cultured in Neurobasal 
medium (Invitrogen) supplemented with N2 supplement 
(Invitrogen) and 20 all-trans retinoic acid (Sigma) 
The NB010-GFP stable cell line was generated by 
cotransfecting AGYNB010 cells with a GFP expression 
plasmid and pCMV-script (Stratagene). Cells resistant 
to G418 were replated at lower density to isolate 
independent clonal lines for further experiments. 
dsRNA was transfected in AGYNB010 or NB010- 
GFP cells using lipofectamine per manufacture's in- 
structions. Cells were harvested for total RNA or 
protein extraction one to four days after transfection. 

2.3. Western blot and RT-PCR and real time PCR 

Protein concentration was determined using the BCA 
system (Pierce). Anti-GFP (Chemicon International 
Inc., CA) or anti-PARP antibodies (Oncogene, CA) 
were used to detect the GFP or PARP protein. An equal 
amount of protein (30 ^ig) was loaded in each lane. The 
Western blot was then scanned and quantified using 
NIH image (W. Rasband, NIH). For reverse transcrip- 
tion, the same amount of RNA (0.3-5 ^ig) was used for 
reverse-transcription with Superscriptll (Invitrogen) 
and a modified oligo-dT primer in the presence of 
Superase-In RNase inhibitor (Ambion). SYBR Green 
real-time PCR amplifications were performed in an 
iCycler Real-Time Detection System (Bio-Rad Labora- 
tories, Hercules, CA) to estimate changes in gene 
expression after transfection with dsRNA. Primers 
(Operon Technologies, Alameda, CA) were designed 
using Primer3 (Whitehead Institute for Biomedical 
Research), the locations of which are listed in Fig. 2B. 
The standard curves were used to calculate the PCR 
efficiency of the primer set. GAPDH was used as 
internal control. All PCR reactions were performed in 
duplicate or triplicate. Quantification was performed 
using the comparative cycle threshold (CT) method, 
where CT is defined as the cycle number at which 
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fluorescence reaches a set threshold value. The target 
transcript was normalized to an endogenous reference 
(simultaneous triplicate GAPDH reactions), and relative 
differences were calculated using the PCR efficiency. 

2.4. In vitro cell proliferation assay 

Approximately 1 x 10 4 AGYNB010 cells per well 
were plated in a 96 well plate and maintained in either 
regular growth medium or differentiation medium 
containing retinoic acid for 1-3 days. Cell proliferation 
was quantified based on the measurement of BrdU 
incorporation during DNA synthesis using the Cell 
Proliferation ELISA (Roche). BrdU was added to the 
culture medium approximately 18 h before the assay. 
Cells were fixed with 4% formaldehyde, quenched and 
permeabilized before anti-BrdU-POD was added. Sub- 
sequent assays were conducted after the addition of 
substrate. The amount of BrdU incorporation was 
determined using a microplate luminometer LB96V 
(EG&G Berthold). 

2.5. Oxygen-glucose deprivation and cell death 
quantification 

dsRNAs corresponding to the N-terminal fragment of 
the PARP gene or dsRNA-GFP were transfected into 
AGYNB010 cells. Four days later, OGD was performed 
by a complete exchange of normal growth media with 
deoxygenated, glucose-free Earle's balanced salt solu- 
tion (EBSS) containing 116 mM NaCl, 5.4 mM KC1, 0.8 
mM MgS0 4 , 1 mM NaH 2 P0 4 , and 0.9 mM CaCl 2 , 
bubbled with 5% H 2 /85% N 2 /5% C0 2 . The cultures were 
kept in an anaerobic chamber for 3-6 h containing the 
gas mixture, 5% H 2 /85% N 2 /5% C0 2 , and maintained at 
37 °C. OGD was terminated by removal of the cultures 
from the chamber and replacement of the EBSS solution 
with oxygenated growth media. OGD-induced cell death 
was quantified 18-24 h after the termination of OGD 
using the LIVE/DEAD viability staining assay (Mole- 
cular Probes) and quantified on a cytofluor multi-well 
plate reader (Series 4000, PerSeptive Biosystems). 



3. Results 

3.1. Inhibition of GFP expression in AGYNB010 cells 
stably expressing GFP 

To demonstrate whether long dsRNA mediates gene- 
specific silencing in mouse neuroblastoma AGYNB010 
cells, we first chose the transgene GFP as a reporter 
gene. Unlike other studies in which the expression 
plasmid coding for the reporter gene was cotransfected 
with dsRNA in a transient manner, we generated an 
NB010-GFP cell line that expresses GFP protein stably 
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Fig. 1. Effects of dsGFP RNA on the expression of GFP in 
AGYNB010 cells. (A) Expression of GFP was evaluated in NB010- 
GFP stable cells transfected with lipofectamine alone (Panel 1), 5nM 
dsUCP2 RNA (Panel II), 5 nM dsGFP (Panel III) and 8 nM dsGFP 
(Panel IV). The exposure time for each fluorescent micrograph was 1/ 
30 s as indicated. (B) Western blot shows protein levels of GFP (top) 
and MAP2 (bottom) in cells transfected with lipofectamine alone 
(lanes 1-2), 5 nM dsRNA-UCP2 (lanes 3-5), 5 nM dsGFP-C (lanes 
6-8), and 5 nM dsGFP (lanes 9-10). (C) Quantification of GFP 
protein levels from Western blots. Values shown are means ±SD 
obtained from three independent experiments. 

to mimic the expression of an endogenous gene. dsRNA 
corresponding to the full-length (dsGFP) or to the C- 
terminal part of the GFP (dsGFP-C) gene was generated 
and transfected into these NB010-GFP cells. Control 
dsRNA corresponding to the entire coding region of 
uncoupling protein-2 (dsUCP2) was also tested. As 
shown in Fig. 1A, green fluorescence decreased signifi- 
cantly in cells transfected with dsGFP (panels III and 
IV) compared with cells transfected with dsUCP-2 
(panel II) and mock transfected controls (panel I). 
Western blot analysis confirmed that dsGFP and 
dsGFP-C RNA decreased the GFP protein level sig- 
nificantly (P < 0.05) without affecting the expression of 
the housekeeping gene MAP-2 (Fig. IB and C). In 
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contrast to what was observed in other types of 
mammalian cells (Elbashir et al., 2001), the slight 
suppression of GFP expression induced by control 
dsRNA (dsUCP2) was not statistically significant 
(P > 0.05, Fig. 1C). In addition, dsGFP RNA mediated 
a decrease in GFP protein in a concentration-dependent 
manner (data not shown). Our results strongly indicate 
that long dsRNA mediates gene-specific silencing of an 
integrated transgene in neuroblastoma cells without 
inducing significant non-specific mRNA degradation 
and/or suppression of protein synthesis. 

3.2. Inhibition of endogenous gene expression using 
dsRNA s 

To test for RNAi-mediated gene silencing of endo- 
genous genes we chose several types of genes, including 
genes involved in apoptotic pathways such as caspase-3, 
p53, and 14-3-3e, signaling pathways such as MAP 
kinase p38, fas-activated serine threonine kinase 
(FASTK), and housekeeping enzymes such as 3-hy- 
droxy-3-methylglutaryl coenzyme A synthase 1. To 
quantify changes in gene expression after dsRNA 
transfection, we conducted RT-PCR and real time 
PCR experiments using an iCycler Real-Time detection 
system (Bio-Rad Laboratories, Hercules, CA). 

The dsRNAs corresponding to the above mentioned 
mouse genes have an average length of 600-800 bps. 
Fig. 2A shows dsRNA-induced gene-specific silencing of 
14-3-3e, caspase-3, synthase 1, and FASTK without 
affecting the GAPDH levels. Moreover, little or no non- 
specific silencing effect was induced by control dsGFP 
RNA. Fig. 2B describes the names of the selected genes, 
their NCBI accession numbers, the regions from which 
dsRNAs were derived, the positions of the primers used 
for real-time PCR and the percent knockdown achieved. 
Real-time PCR confirmed that the efficiency of inhibi- 
tion ranged from 65% to 98%, depending on specific 
genes. These results further indicate that the RNAi 
machinery is highly active in neuroblastoma cells and 
that the silencing effects we observed at the protein level 
are mediated transcriptionally. 

All the effective dsRNAs corresponded to the full- 
length or portions of the ORF and shared 100% 
sequence identity with endogenous sequences. We then 
tested whether effective dsRNA can be derived from a 
non-ORF region and whether 100% sequence identity is 
required for efficient silencing of the cognate message. 
Efficient silencing was observed in cells transfected with 
dsRNA corresponding to the partial ORF of the mouse 
p38 gene (Fig. 2B). Interestingly, dsRNA corresponding 
to the 3'UTR of the rat p38 gene (dsRNA-rat-p38), 
which only shares about 80% identity with the mouse 
ortholog in that region, also induced efficient silencing 
of mouse p38 mRNA in neuroblastoma cells (Fig. 2B) 
This result indicates that effective dsRNA may not be 
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RT-PCR. (A) RT-PCR shows dsRNA-induced inhibition of expres- 
sion of caspase-3, fas-activated kinase (FASTK), 14-4-3e and 3- 
hydroxy-3-methylglutaryl-coenzyme A synthase 1 induced by dsRNA 
Levels of GAPDH expression served as internal controls for the 
quality and quantity of cDNAs. Equal amounts of cDNA were used in 
each reaction. (B) Table shows dsRNA-mediated inhibition of expres- 
sion of endogenous genes, quantified with real-time PCR. Quantifica- 
tion was performed using the comparative CT method. The target 
transcript was normalized to an endogenous reference (simultaneous 
triplicate GAPDH reactions), and relative differences were calculated 
using the PCR efficiency. Data represented were mean±SD obtained 
from two independent experiments performed in duplicates. 

restricted to sequences in the ORF, and that 100% 
sequence identity is likely not required in some cases. 

Recent studies show that long dsRNA-induced gene- 
specific silencing in non-differentiated and embryonic 
cells (Billy et al., 2001; Yang et al, 2001; Paddison et al., 
2002). In our experiments, AGYNB010 cells undergo 
serum withdrawal during the transfection procedure, 
which induces partial differentiation (L. Gan and S. Ye[ 
unpublished observation). We then tested whether 
RNAi is active in fully differentiated AGYNB010 cells. 
Cells were transfected with 5 nM dsl4-3-3e RNA and 
then grown in Neurobasal medium in the presence of 20 
uM retinoic acid to induce neuronal differentiation 
(Mao et al., 2000). After 3 days, AGYNB010 cells 
developed long processes and cell proliferation was 
largely inhibited as measured by BrdU incorporation 
(Fig. 3A-B). In these fully differentiated neural cells, 
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Fig. 3. Effect of dsRNA in differentiated AGYNB010 cells. (A) Cells 
incubated in differentiation media containing retinoic acid show much 
longer processes compared with cells incubated in normal media. Cells 
were immunostained with an anti-tubulin antibody and visualized 
under a fluorescent microscope. (B) BrdU incorporation was measured 
in cells incubated in differentiation media and normal media for 1, 2 
and 3 days. Data presented were means ±SD from four independent 
samples. (C) Real-time PCR was used to measure the levels of 14-3-3e 
mRNA from cells transfected with lipofectamine alone, dsl4-3-3s and 
dsGFP RNAs. Data represented are relative expression levels normal- 
ized to cells transfected with dsGFP. Values shown are means ±SD 
from three independent experiments performed in duplicates. 

dsl4-3-3e induced almost complete inhibition of 14-3-38 
expression (97. 8% ±1.3), while control dsGFP induced 
no significant inhibition (Fig. 3C). These results indicate 
that RNAi is not restricted to non-differentiated cells or 
cells of embryonic origin, but also active in these fully- 
differentiated neural cells. 

3.3. Inhibition of PARP expression and validation of 
PARP function using RNAi 

One of the most powerful tools to determine the 
function of a gene is to silence its expression. We have 
demonstrated that mouse neuroblastoma AGYNB010 
cells show a very robust RNAi effect, suggesting that 



RNAi can be used for studying gene function in these 
cells. Hence, we tested the effect of RNAi-induced 
inhibition of PARP in ischemia-induced cellular da- 
mage. PARP was chosen because of its well-established 
role in ischemia-induced brain damage, since PARP 
knockout mice are resistant to global cerebral ischemia 
(Eliasson et al., 1997). As an in vitro model for ischemic 
damage, AGYNB010 cells were exposed to OGD for 3- 
6 h, and cell viability was assessed 24 h later. 

The dsRNAs corresponding to the N-terminal 
(dsPARP-N) and C-terminal (dsPARP-C) part of the 
PARP coding region were generated and transfected 
into AGYNB010 cells. dsGFP was used as control. 
Four days after transfection, cell lysates were collected 
and PARP expression was assessed by Western blot 
analysis (Fig. 4A). Compared with cells transfected with 
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Fig. 4. Inhibition of endogenous PARP gene by dsPARP RNA and 
subsequent effects on OGD in AGYNB010 cells. (A) Western blot 
shows PARP expression in cells transfected with 5 nM dsPARP-N 
(lanes 3-5), 5 nM dsPARP-C (lanes 6-8), and 5 nM of dsUCP2 (lanes 
9-10) 4 days after transfection. Each lane represents separate 
transfections performed within the experiment. (B) The AGYNB010 
cells transfected with 5 nM of dsGFP as control or 5 nM of dsPARP-N 
were challenged with 6 h OGD 4 days after transfection. Cells were 
stained with calcein AM (green) and EthD-1 (red) (Molecular Probes) 
and visualized under a Zeiss fluorescent microscope. (C) Cell death was 
quantified using a multi-well cytofluor plate reader for EthD-1 
(excitation wavelength at 530 nm). Values shown are relative cell 
death after OGD compared with the non-OGD mock-transfected 
samples. Results presented are means ±SD from three independent 
samples. Similar results were obtained in two independent experi- 
ments. 



156 



L GanetaL I Journal of Neuroscience Methods 121 (2002) 151-157 



control dsGFP, dsPARP-N and dsPARP-C induced a 
dramatic reduction of PARP protein levels, and 
dsPARP-N appeared to be more effective than 
dsPARP-C (Fig. 4A). Four days after transfection 
with dsPARP-N and dsGFP, cells were exposed to 
OGD for 6 h. After 18-24 h recovery, cell survival was 
assessed using double staining with Ethidium homo- 
dimer-1 (EthD-1) and calcein AM (Molecular Probes), 
(Fig. 4B) and a multi-well fluorescence plate reader 
(Cytofluor, Perseptive System), (Fig. 4C). Cells trans- 
fected with dsPARP-N showed significant protection 
against OGD-induced cell death compared with mock- 
transfected cells and those transfected with dsGFP. This 
result confirms previous reports on the essential role of 
PARP as a mediator in ischemia-induced neuronal 
damage and, most importantly, validates the use of 
RNAi in the analysis of the potential role of novel and 
known genes in ischemia-induced neuronal damage. 



4. Discussion 

In this report, we show for the first time long dsRNA- 
induced gene-specific silencing in mouse neuroblastoma 
AGYNB010 cells under fully or partially differentiated 
conditions. We demonstrate dsRNA-induced gene-spe- 
cific silencing of an integrated transgene as well as of a 
variety of endogenous genes involved in apoptosis, 
signaling, and housekeeping functions. Control dsRNA 
did not induce non-specific inhibition of the cognate 
gene expression. Expression of unrelated housekeeping 
genes, MAP2 and GAPDH, was not affected by the 
transfection of dsRNA. Moreover, we show that 
inhibition of PARP expression with dskNA corre- 
sponding to portions of the PARP ORF offers resis- 
tance to OGD. These studies suggest that the RNAi 
approach may provide an efficient way to knock down 
gene expression and study gene function in this neural 
cell system. 

The profound gene-specific silencing induced by 
dsRNA was first discovered in C. elegaris, and has 
been used widely as an invaluable tool for studying gene 
function in a variety of invertebrate species (Clemens et 
al., 2000; Fraser et al., 2000). However, efforts to use 
long dsRNA for gene-specific silencing and functional 
validation in vertebrates have been hindered by the 
observation that long dsRNA ( > 30 bp) induces non- 
specific inhibition of gene expression. It is well known 
that in most mammalian cells dsRNA induces an 
interferon response and initiates a signaling pathway, 
which includes activation of 2,5-polyadenosine synthe- 
tase, RNase L and RNA-dependent kinase PKR (Minks 
et al., 1979; Manche et al., 1992). These processes finally 
lead to non-specific inhibition of protein synthesis, and 
non-specific degradation of both dsRNA and endogen- 
ous mRNA. Indeed, a 10- to 20-fold non-specific 



silencing by long dsRNA was observed in several 
mammalian cell lines, masking the modest 2- to 5-fold 
sequence-specific silencing (Elbashir et al, 2001). Sev- 
eral recent reports showed that long dsRNA-induced 
gene-specific silencing in PKR-deficient mammalian 
cells, including embryonic carcinoma PI 9 and F9 cells 
as well as mouse embryonic stem (ES) cells (Billy et al 
2001; Yang et al., 2001; Paddison et al., 2002). 

We demonstrate that RNAi is highly active in a 
neuroblastoma AGYNB010 cell line derived from N2a 
cells, in which long dsRNA induces gene-specific silen- 
cing without inducing non-specific inhibition of protein 
synthesis and gene transcription. In contrast to the 
undifferentiated P16, F9 and ES cells, the neuroblas- ' 
toma cells used in our study were either partially 
differentiated through serum withdrawal or fully differ- •'. 
entiated by retinoic acid, suggesting that the functional 
RNAi machinery is not restricted to non-differentiated 
cells or cells of embryonic origin in mammals. Whether 
differentiated and non-differentiated cells utilize similar 
mechanisms in RNAi-induced silencing warrants further 
investigation. 

While it is well known that P16, F9, and ES cells are 
deficient in dsRNA-induced IFN response, AGYNB010 
cells show no apparent deficiency in such response. 
Indeed, transfection of long dsRNA (700 bps) derived 
from the FASTK ORF into AGYNB010 cells induced 
expression of IFN-0, while transfection of siRNA did 
not (L. Gan and K.E. Anton, unpublished observation). 
However, the dsRNA-induced IFN response did not 
lead to significant non-specific blockade of protein 
synthesis or degradation of mRNA in these neural cells. 
We are currently investigating whether upregulation of 
IFN-p fails to activate PKR, RNase L and other 
antiviral signaling pathways in these cells. Studies have 
shown that siRNA of 21 nt can induce efficient gene- 
specific silencing in mammalian cells (Elbashir et al, 
2001). The siRNA derived from the FASTK ORF also 
induced gene-specific silencing in AGYNB010 cells 
(Data not shown). We are currently investigating l 
whether long dsRNA is processed into 21-23 nt siRNA 
to induce degradation of target mRNA in these neural 
cells. 

There is no apparent requirement on the location of 
dsRNA to induce RNAi and successful knockdown was 
achieved using dsRNA corresponding to a part of an 
ORF or 3'UTR, underlining the potential of RNAi as a 
valuable alternative to antisense technology for gene 
silencing. Interestingly, different genes require different 
post-transfection times for efficient inhibition of gene 
expression/For example, dsp53 RNA induced maximal 
inhibition in 24-48 h, while both dsPARP and dsGFP 
induce maximal inhibition in 96 h. We speculate that 
mRNA and protein stability and turnover time influ- 
ences the time required to observe a RNAi effect. In this 
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example, GFP is much more stable than the p53 protein, 
which has a half-life of 20 min (Soussi, 2000). 

The demonstration that dsRNA in a mouse neuro- 
blastoma cell line lacks the non-specific effects present in 
other mammalian cell lines suggests that these cells can 
be used to test the specific function of selected genes in 
cellular responses to diverse stimuli. As an example, we 
show that dsRNA-mediated inhibition of PARP expres- 
sion results in a resistance to OGD in mouse neuro- 
blastoma cells. Thus, specific gene silencing induced by 
dsRNA can be a powerful tool in the analysis of gene 
function in these neural cells after a pathological 
challenge. 
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Abstract 

The regulation of major histocompatibility complex (MHO class I, interferon (IFN)-/?, and anti-viral state expression in 
neurons was analyzed. Treatment of neurons with either double-stranded RNA (poly I:poly C) or virus, but not IFNs, induced 
high levels of IFN-0, but not MHC class I genes. However, neurons treated with IFN-0 established an anti-viral state. 
Transfection of neurons with IFN-0 constructs showed that a region containing PRDI (IRF-E site) and PRDII (kB site) 
mediated induction, but closely related sites in a MHC class I construct did not. Gel mobility shift assays indicated that 
transcription factors containing the RelA (p65) component of NF-kB, but not p50, bound to PRDII. PRDI, however, bound to 
transcriptional antagonist IRF-2. Unique selective induction of these transcription factors is likely to mediate non-coordinate 
expression of IFN-0, MHC class I, and anti-viral state genes in neurons. 

Keywords: Neurons; Interferon-^; Major histocompatibility complex class I; Virus; Astrocytes 



1. Introduction 

The central nervous system (CNS) is involved in the 
regulation of various functions critical to adaptive re- 
sponses to environmental stimuli. Neurons, relative to 
other CNS cells, are most essential to CNS function 
and have limited regenerative capacity. Therefore, 
damage to neurons often leads to severe clinical deficits 
that are generally irreversible. For this reason, struc- 
tures and mechanisms have evolved to protect these 
cells from physical, chemical, and immune-mediated 
damage, including glial cell functions, the blood-brain 
barrier, and CNS immunoprivilege. 

Recent attention has focussed on mechanisms of 
CNS immunoprivilege (Massa, 1989; Cserr and Knopf, 
1992; Streilein, 1993) and specific sparing of virus-in- 
fected neurons from major histocompatibility complex 
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(MHC) class I-restricted cytotoxic anti-viral lympho- 
cytes (Oldstone et aL, 1986; Joly et al., 1991; Levine et 
al., 1991; Sedgwick and Dorries, 1991; Griffin et al., 
1992; Joly and Oldstone, 1992; Mucke and Oldstone, 

1992) . There is evidence that neurons infected with 
neurotropic viruses in some way avoid immune detec- 
tion and cytorysis by anti-viral T cells (Joly et al., 1991; 
Griffin et al., 1992). The major mechanism by which 
neurons do so is the suppression of MHC class I 
molecules which are required for the recognition of 
viral peptides by cytolytic CD8 + T cells on virally 
infected cells (Oldstone et al., 1986; Joly et al., 1991; 
Joly and Oldstone, 1992). It has been previously 
demonstrated that the suppression of MHC class I 
molecules is neuron-specific because it is not seen in 
other CNS cell types including astrocytes or most cells 
of peripheral tissues (Drew et al., 1993; Massa et al., 

1993) . Further, the lack of expression in neurons is 
transcriptionally regulated. In particular, positive tran- 
scription factors, that bind to a #cB site and to the 
interferon regulatory factor element (IRF-E) 
(Watanabe et al., 1991; Kimura et al., 1994; Tanaka et 
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al., 1994) present in the promoter region of this gene, 
are specifically absent in neurons (Drew et al., 1993; 
Massa et al., 1993). In general, kB sites function by 
binding transcriptionally active dimers of the NF-/cB 
family of transcription factors (NF-kBI (p50), NF-kB2, 
Rel, and RelA (p65)) (Lenardo and Baltimore, 1989; 
Ghosh et al., 1990; Baeuerle, 1991; Schreck et al., 
1991; Beg and Baldwin, 1993; Nabel and Venna, 1993) 
and the IRF-E binds to closely related positive and 
negative transcription factors, including interferon reg- 
ulatory factors (IRFs)-l and -2 (Harada et al., 1989; Fu 
et al, 1992; Nelson et al., 1993; Pellegrini and 
Schindler, 1993; Tanaka et al., 1993). In addition to 
IRFs, the core IRF-E of some, but not all, interferon- 
inducible genes may have additional flanking se- 
quences that are required for the binding of an addi- 
tional factor termed interferon (IFN)-a-stimuIated gene 
factor 3 (ISGF3), which is induced by IFN-a/0, but 
not IFN-y. This extended sequence is called the inter- 
feron-stimulated responsive element (ISRE) (Darnell 
et al., 1994). 

Both IFNs and viruses rapidly induce NF-kB and 
IRF-E-binding activities in most cells and often ac- 
count for both IFN- and virus-inducible expression of 
genes containing these enhancers (MacDonald et al, 
1990; Xanthoudakis and Hiscott, 1990; Cohen and His- 
cott, 1992; Thanos and Maniatis, 1992; Pellegrini and 
Schindler, 1993). Thus, both IRF-E and kB sites are 
often virus-responsive elements (VREs) (Fan and Ma- 
niatis, 1989; MacDonald et al., 1990; Thanos and Ma- 
niatis, 1992; Du et al., 1993). This is apparent in the 
case of the MHC class I and the IFN-/3 gene which are 
coordinated up-regulated in most cells by juxtaposed 
kB and IRF-E enhancers that interact primarily with 
either IFN- or virus-induced nuclear transcription fac- 
tors NF-kB (p50:p65) and IRF-1, respectively (Israel et 
al., 1986; Shirayoshi et al., 1988; Korber et al., 1988; 
Fujita et al., 1985; Fujita et al., 1988; Fujita et al, 1992; 
Burke and Ozato, 1989; Israel et al., 1989; Fan and 
Maniatis, 1989; Lenardo et al., 1989; Chang et al., 
1992; Reis et al., 1992; Thanos and Maniatis, 1992; Du 
et al., 1993). Consistent with these observations is that 
induced IFN can further increase these transcription 
factors and lead to a secondary sustained autocrine 
induction, or priming for induction by virus, of IFN-0 
and MHC class I genes (Enoch et al., 1986; Fan and 
Maniatis, 1989; Dhib-Jalbut and Cowan, 1993). 

The lack of MHC class I molecules on neurons 
protects these cells against immunopathological T cell 
responses during CNS viral infections (Joly et al., 1991). 
Therefore, mechanisms that control the cytopathic ef- 
fects of viruses harbored within neurons are essential 
to neuronal survival (Schijns et al., 1991; Griffin et al., 
1992). A rapid response in controlling viral infections is 
IFN produced by and acting on cells in the immediate 
vicinity of viral replication. However, because neurons 



were previously shown to lack constitutive (Drew et al., 
1993) or IFN-y-inducible kB- and IRF-E-binding fac- 
tors (Massa et al., 1993) for the upregulation of MHC 
class I and IFN-/3 genes, it was hypothesized that 
neurons may be generally deficient in the expression of 
IFN-0 and perhaps antiviral state genes since the latter 
commonly contain IRF-Es (Pellegrini and Schindler, 
1993). Because of the potential importance of an IFN 
and anti-viral gene response within the CNS, an analy- 
sis of IFN-/J, anti-viral state, and MHC class I induc- 
tion in primary neuronal cultures following exposure of 
these cells to known IFN-inducing agents, including 
double-stranded RNA and virus, was undertaken. Un- 
expectedly, it was found that neurons rapidly express 
high levels of IFN-£, but not MHC class I molecules, 
following exposure to these inducing agents. Also, both 
production and response to IFN-0 in neurons is unique 
in these cells. These studies were of particular interest 
mechanistically because unique selective transcrip- 
tional activation of IFN-0 and anti-viral state genes, 
but not the MHC class I gene, is required in neurons. 



2. Materials and methods 

2.1. Neuron and astrocyte cultures 

Neuronal cultures were produced from 8-day post- 
natal mouse cerebellum of B10.A mice as previously 
described (Meier and Schousboe, 1982; Massa et al., 
1993). Neurons were transfected at 1 day after plating, 
treated with inducing agents 2 days after plating, and 
processed for either FACS analysis, Northern analysis 
of RNA, CAT assay or gel mobility shift assay at 
different timepoints thereafter. Astrocytes were pre- 
pared from newborn B10.A mice (Harlan-Sprague 
Dawley, Indianapolis, IN) as previously described 
(Massa et al., 1992; Massa et al., 1993) and the cultures 
were fed at 5 days post-plating. At 6 days after plating 
the cultures were transfected with CAT constructs, 
treated with inducers at 7 days, and were processed to 
either extract CAT enzyme, mRNA, or nuclear pro- 
teins at 8 days after plating. 

2.2. MHC class I and IFN-inducing agents 

The following agents were used: recombinant murine 
IFN-y (a generous gift from Genentech, Inc., S. San 
Francisco, CA); natural murine IFN-a/0 (Lee Bio- 
molecular Research Laboratories, Inc., San Diego, CA); 
double-stranded poly(I):poly(C) (Pharmacia, Piscat- 
away, NJ); and Sendai virus (SPAFAS, Storrs, CT). 
These were generally used at 100 U/ml for cytokines, 
100 /xg/ml for poly Irpoly C, and 500 hemagglutinating 
U/ml for Sendai virus unless indicated otherwise in 
the text. 
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2.3. Northern blot analysis 

Total RNA was extracted from neuron and astro- 
cyte cultures using a guanidine isothiocyanate tech- 
nique (Chomczynski and Sacci, 1987). 15 fig of RNA 
from each specimen was electrophoresed in a 0.9% 
agarose gel and then transferred to a nylon filter 
(Nytran Plus, Schleicher and Schuell, Keene, NH). The 
RNA was hybridized with 32 P-labelled cDNA probes 
encoding either the conserved third external trans- 
membrane and cytoplasmic region of the murine H-2L d 
MHC class I molecule (pH-2 d -3) (Lalanne et al., 1982) 
or murine IFN-/3 (Higashi et al. f 1983). Autoradio- 
graphs were quantified by densitometry. 



2.4. Gel mobility shift analysis and oligonucleotide probes 

Nuclear extracts from neurons and astrocytes were 
prepared using a mini-prep technique, as described 
previously (Lee et al., 1988; Massa et al., 1992). Protein 
determinations were performed using the Biorad pro- 
tein assay kit (Biorad Laboratories, Richmond, CA). 
All oligonucleotides were synthesized on an Applied 
Biosystems DNA synthesizer (Model 391-04), annealed 
to complementary sequences to produce double- 
stranded DNA probes, labeled, and gel purified. Du- 
plex oligonucleotides with the following coding strand 
sequences were used: 

- IFN-/8 PRDII kB site: 5' GTGGGAAATTCC 3' 
(Fan and Maniatis, 1989) 

- IFN-0 PRDI IRF-E site: 5' GGAGAAGT- 
GAAAGTG 3' (Fan and Maniatis, 1989) 

- MHC-CRE region I *B site: 5' GCTGGGGATTCC- 
CCAT 3' (Burke et al., 1989) 

- MHC-IRF-E site(ICS): 5' ATCTCCTCAGTTTCAC- 
TTCTGCA 3' (Flanagan et al., 1991) 

- Ig k chain kB site: 5' CTCAACAGAGGGGACTT- 
TCCGAGAGGCCAT 3' (Picard and Schaffner, 1984) 

Binding of nuclear proteins to duplex oligonucleo- 
tide probes was analyzed using the gel mobility shift 
assay (Fried and Crothers, 1981; Garner and Rezvin, 
1981; Massa et al., 1993). DNA probes were prepared 
by end-labelling with [y- 32 P]ATP using T4 polynu- 
cleotide kinase (Boehringer Mannheim Biochemicals, 
Indianapolis, IN). The probes (20 000 cpm/ng 
DNA/reaction) were incubated with 10-20 fig of nu- 
clear extract in the presence of 0.5-1.0 fig poly(dI:dC) 
(Pharmacia, Inc., Piscataway, NJ) for 20 min. To some 
reactions, various unlabelled competitor duplex oligo- 
nucleotides or antibodies to transcription factors were 
added before the labeled probe and further incubated 
for 40 min. The reaction mixtures were elec- 
trophoresed through a 4% polyacrylamide gel and 
autoradiographs of the gels were photographed. 
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2.5. Antibodies to transcription factors 

Antibodies to IRF-1, IRF-2, and ISGF3y (Nelson et 
al., 1993) were whole rabbit polyclonal antisera (a gift 
from Dr. K. Ozato, NIH, Bethesda, MD) and were 
used at a concentration of 0.5 /J/reaction. Affinity- 
purified rabbit IgG to p50 and p65 of NF-kB were 
obtained from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA) and used at a concentration of 2 fig 
IgG/reaction. 

2.6. Immunofluorescence staining for FACS analysis 

Cultures were treated with cytokines and other 
agents for various amounts of time, briefly exposed to 
either trypsin (astrocytes) or dispase (neurons) to re- 
lease single-cell suspensions from the dish, and stained 
with a rat monoclonal antibody to mouse MHC class I 
molecules (Ml/42.3.9.8) (Springer, 1980). After incu- 
bation with goat anti-rat IgG conjugated to fluorescein 
isothiocyanate (FITC), the cells were analyzed by FACS 
(Becton Dickinson Immunocytometry Systems, Moun- 
tain View, CA) to determine the mean fluorescence 
intensities (MFI) of samples of 10000 cells. 

2.7. CAT assays and constructs 

pIFN-0- and pL d -CAT constructs listed in Fig. 1 
were previously described and characterized (Miyazaki 
et al., 1986; Du and Maniatis, 1992; Nelson et al., 1993; 
Segars et al., 1993). The upstream promoter sequences 
in these constructs are connected to the chloramphe- 
nicol-acetyl-transferase (CAT) gene as a reporter of 
transcriptional activity (Gorman et al., 1982). Neurons 
and astrocytes were transfected using the DEAE-de- 
xtran method (McCutchan and Pagano, 1968). All cul- 
tures were also co- transfected with pCH-110, an SV40- 
0-galactosidase gene construct (Pharmacia, Inc., Pis- 
cataway, NJ) to standardize transfection efficiency be- 
tween samples. 

2.8. I FN and virus plaque reduction assay 

NIH 3T3 cells or neurons were treated overnight 
with supernatants from poly Lpoly C- or Sendai virus- 
treated neurons or control medium (neurons not 
treated with inducers). To some of the cultures, a 
neutralizing rat monoclonal antibody specific for mouse 
IFN-0 (20000 neutralizing U/ml) (Seikagaku America, 
Inc., Rockville, MD) was added with the supernatants. 
The next day, the cells were rinsed and inoculated with 
vesicular stomatitis virus (VSV) at a multiplicity of 
infection of 1. 18 h later, the virus was harvested, 
PFU/ml were quantified, and laboratory U/ml of IFN 
were determined (Grossberg et al., 1986) using NIH- 
3T3 cells. 
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3. Results 

3.1. MHC class I and IFN-0 expression in neurons and 
astrocytes 

In the present study, it was of interest to determine 
whether the MHC class I and IFN-0 genes were coor- 
dinate^ or independently regulated in neural cells 
using IFN inducers (Grossberg et aL, 1986). As in 
other cell types, co-regulated expression of these genes 
was initially expected based on previous studies by 
others showing conserved juxtaposed enhancer se- 
quences, *B and IRF-E sites, common to the promoter 
of both genes (Fig. 1). Quantitative analysis of MHC 
class I molecules by immunofluorescence showed that 
astrocytes treated with either Sendai virus, poly Lpoly 
C, or IFN-a/fi were induced to express high levels of 
MHC class I molecules (Table 1). However, identical 
treatment of neurons with these agents did not induce 
detectable levels of MHC class I molecules (Table 1). 
Therefore, neurons appeared to be uniquely non-re- 
sponsive to MHC class I-inducing agents as previously 
described for IFN-y (Massa et aL, 1993) and extended 
here. 

In light of the above studies, it was of interest to 
determine whether IFN- or virus-inducible expression 
of the IFN-0 gene was also absent in neurons. North- 
ern blot analysis of MHC class I and IFN-J3 genes 
showed that both were coordinated inducible in astro- 
cytes treated with the potent IFN inducer, poly Lpoly 
C, as expected (Table 1). In contrast to astrocytes, only 
the IFN-0 gene, but not the MHC class I gene, was 
induced to high levels in neurons (Table 1). Surpris- 
ingly, neurons expressed at least 100-fold more IFN-0 
messenger RNA than astrocytes similarly treated. This 
indicated that the IFN-/3 and MHC class I genes are 
differentially regulated in neurons. To further verify 
this observation and its functional importance, an anal- 
ysis of 1FN-0 activity in neuronal culture supernatants 
following treatment with inducing agents was under- 
taken. 



Table 1 

FACS and Northern blot analysis of MHC class I and IFN-0 induc- 
tion 
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Neurons 
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IFNa/p PI:PC SV 
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IFN0//8 PI:PC SV 
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MHC class 1 8 
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14 J 14.5 26.1 


1.0 


1.4 1.2 1.0 


mRNA 










MHC class I b 


1.0 


- 8.4 - 


1.0 


0.7 - 


IFN-0 b 


1.0 


- 5.8 - 


1.0 


- 548.0 - 



of 1.0. 

b Density of bands relative to control (C), 

not determined; SV, Sendai virus; PI:PQ poly I:poly C. 
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(IRF-l/IRF-2 binding sit«> 
(nf-kb binding site) 
Fig. 1. MHC class I and IFN-0 gene promoter regions indicating 
relevant cis-regulatory elements (*B and IRF-E). Nucleotides are 
numbered with respect to transcription start sites. CAT constructs 
used for transfection experiments are indicated below each promoter 
element. IRF4/IRF-2 and NF-*B binding sites are indicated by 
striped and solid bars, respectively. 



5.2. Identification of IFN-fi anti-viral activity in neurons 

A determination of IFN titers in culture super- 
natants from neurons treated with inducers was per- 
formed by VSV plaque reduction assay. In this assay, 
neurons were pulse-treated either with poly I:poly C or 
Sendai virus, rinsed, and 24 h later the resulting cul- 
ture supernatants were analyzed for the presence of 
anti-viral (interferon) activity. This was done by incu- 
bating NIH 3T3 cells with the neuronal supernatants 
for 24 h to induce an antiviral state, after which the 
cells were infected with VSV. The ability of the super- 
natant-treated cells to produce viral particles was then 
quantified in PFU/ml and units/ml interferon were 
accordingly computed. As shown in Table 1, neurons 
produced anti-viral activity, which could be directly 
attributed to IFN-0 using a neutralizing monoclonal 
antibody to murine IFN-0 (Table 2, top). Therefore, 
neurons selectively activate the IFN-/3 gene and elabo- 
rate functional IFN-0. 

3.3. Anti-viral, but not MHC class I-inducing, activity of 
neuron-derived IFN-0 on neurons 

It was of interest to determine whether neuronally 
derived IFN-0 induced an anti-viral state in neurons. 
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Neurons treated with neuronal IFN-0 produced sev- 
eral logs less virus compared to neurons treated with 
control neuronal supernatants (see PFU/ml (neurons), 
Table 2). However, as was found with murine IFN-a/0 
(Table 1), neuronal IFN-0 did not induce MHC class I 
molecules on neurons (see MHC class I (neurons), 
Table 2). The latter was not related to an inherent 
difference in neuronal IFN-/J from that produced from 
other sources, because neuronal IFN-/3 was able to 
induce MHC class I molecules on astrocytes (Table 2, 
bottom). This indicated that neurons selectively acti- 
vated IFN-/3 gene expression when exposed to viral 
materials and responded selectively to the different 
functional activities of IFN-/3. 

3.4. Inducible promoter activity of the IFN-& gene in 
neurons 

In order to determine whether the promoter of the 
IFN-0 gene was inducible following treatment of neu- 
rons with poly I:poly C or Sendai virus, neurons were 
transfected with two IFN-/J promotor constructs con- 
taining kB and IRF-E elements upstream of the CAT 
reporter gene (Fig. 1). After transfection with p-77IFN- 
p CAT and p-91IFN-i8 CAT, the cells were treated 
with either poly Irpoly C, Sendai virus, or IFN-y. Fig. 2 
indicates that the construct p-77IFN-/3 CAT containing 
PRDI (a canonical IRF-E) and PRDII (a kB site) 
enhancers is sufficient for the induction of CAT activ- 
ity following treatment of neurons with poly Irpoly C or 
Sendai virus. Addition of PRDIII (a second juxtaposed 
IRF-E) in the p-91IFN-j8 CAT construct, did not sig- 
nificantly differ in CAT activity to that of p-77IFN- 
/3CAT. IFN-y did not induce these constructs (Fig. 2), 
which is consistent with the inability of IFN-y to in- 
duce binding activities to these enhancer sites in neu- 



Induction of IFN-p and MHC class I 
CAT constructs 




p-91 IFNpCAT P-771FNJJCAT pLd-CAT-1 .4Kb 
CAT constructs 

Fig. 2. CAT assays of neurons transfected with either p-77IFN/3CAT, 
P-91IFN0CAT, or pLd-CAT-1.4 Kb. Primary cultures of neurons 
were transiently transfected with the constructs and subsequently 
treated with either poly Irpoly C, Sendai virus, IFN-?, or medium 
alone. Fold induction following treatment with these agents is rela- 
tive to CAT levels in transfected cells treated with medium alone. 
Transfection efficiency was normalized with respect to 0-galacto- 
sidase activity/unit protein. Experiments were repeated three times. 
Induced CAT activities of p-77IFN0-CAT and p-91IFN£ were not 
significantly different (Student's /-test, P - 0.3). 



rons as previously described (Massa et al., 1993). The 
induction of the pIFN-0 CAT constructs was specific 
because treatment of neurons with poly I:poly C or 
Sendai virus did not induce a MHC class I CAT 
construct (Fig. 2) containing potentially functional 
IRF-E and #cB sites of this gene (Fig. 1). This indicated 
preferential transcriptional activation of the kB and/or 
IRF-E sites in the IFN-/3 gene but not in the MHC 
class I gene. 



Table 2 

Analysis of IFN-0 activity in neurons 

Neuronal supernatants 1 



Treatment 


PI:PC 






+ 


+ 








SV 
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+ 




+ orIFN-0 




+ 




+ 
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PFU/ml b 




1.3 X 10 7 


1.4 X 10 7 


6.0 x 10 5 


1.2 X10 7 


3.5 X 10 3 


2.0 X 10 5 


Units/ml IFN-/3 c 




0 


0 


54 


0 


9286 


163 


PFU/ml (neurons) d 




1.0 X 10 3 


1.2 X10 5 


4.0 X 10 2 


6.0 X10 4 


1.0 X 10 2 


1.4 X 10 4 


MHC class I (neurons) e 




1.0 


1.0 


0.9 


1.0 


1.1 


1.0 


MHC class I (astrocytes) e 

a -. » 




1.0 


0.8 


2.0 


1.1 


2.1 


1.3 



(+aIFN-0) was added to some of the supernatants to assess the presence of induced IFN-p. 

Titer of VSV produced from NIH 3T3 cells treated before infection with the different neuronal supernatants listed above. 
c Laboratory U/ml of interferon in the neuronal supernatants is based on PFU/ml reduction as the result of induced interferons compared to 
control supernatants (minus inducers, 1st column). 

d PFU/mi of VSV produced by neurons treated before infection with the above neuronal supernatants. 

c Values for MHC class I are induction indices for fluorescence intensity of cells treated with IFN-£<ontaining supernatants divided by 
fluorescence of cells grown in control medium. For determining IFN-0 activities on neurons and astrocytes, IFN-0-cootaining supernatants were 
diluted to 10 U/mJ and then added to the cultures with or without anti-IFN-0 antibody. 
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3.5. Nuclear factor binding to kB and IRF-E sites in the 
IFN-p and the MHC class I gene 

When neuronal extracts were probed with a PRDI 
(IRF-E site) oligonucleotide, it was found that two 
bands were inducible following treatment with poly 
I:poly C that were not expressed in control extracts 
(Fig. 3A). The lower band, inducible in trace amounts, 
was identified as the transcriptional activator IRF-1, 
using an anti-IRF-1 antibody. However, the predomi- 
nant inducible band was identified as the IRF-1 antag- 
onist, IRF-2. Similarly high IRF-2 binding activity was 
seen using the MHC class I IRF-E probe (Fig. 3B). 
Antibodies to transcription activator ISGF3 (ISGF3-y) 
did not react with any of the bands (Fig. 3A, B). Using 
the PRDII UB site) region as a probe, it was found 
that, after treatment with poly Irpoly C, binding activi- 
ties could be identified that included three inducible 
bands (Fig. 3C). Two of these inducible bands were 
supershifted using an anti-NF-#cB p65 (RelA), but not 
an anti-NF-KB p50 (NF-/cBl) antibody, consistent with 
a composition of p65:p65 homodimers (p65 2 ) and not 
p50:p65 NF-kB heterodimers or p50:p50 homodimers 
(p50 2 ) (Fujita et al, 1992; Kunsch et al., 1992; Perkins 
et al., 1992; Duckett et al, 1993; Ganchi et al., 1993). 
The remaining inducible PRDII binding activity (Fig. 
3C, lowest unlabeled band) was not reactive to any of 
the antibodies, including an antibody to transcription 
accessory factor HMGI(Y) known to bind with high 
affinity to this site (Du et al., 1993). Interestingly, the 
same neuronal extracts probed with the MHC class I 



kB site produced a faint constitutive band reactive with 
only the anti-p50 antibody and a similarly faint in- 
ducible band that was supershifted by both anti-p65 
and anti-p50 antibodies (Fig. 3D). This indicated that 
constitutive p50 2 homodimers and inducible p50:p65 
heterodimers are expressed at relatively low levels in 
neurons and these p50-containing species show prefer- 
ence for binding the MHC class I kB site over that of 
the IFN-0 kB site. 



4. Discussion 

The IFN-/3 gene is regulated by two conserved juxta- 
posed enhancers designated PRDI (IRF-E site) and 
PRDII (kB site). Similar juxtaposed sequences are 
present in the MHC class I promoter, designated the 
ICS (interferon consensus sequence) (IRF-E site) and 
the MHC-CRE region I (kB site) (Figs. 1 and 4) 
(Burke and Ozato, 1989; David-Watine et al., 1990; 
Singer and Maguire, 1990; Ting and Baldwin, 1993). A 
number of studies indicate that transcriptional en- 
hancement through either interactions of IRF-1 with 
the IRF-E (Pine, 1992) or of different NF-kB species 
at the kB sites are sufficient for up-regulation of MHC 
class I and IFN-/J genes and that synergy between the 
two sites may occur (Shirayoshi et al., 1988; Du et al., 
1993). Previous work in this laboratory indicated that 
lack of MHC class I gene expression in neurons is 
related to the lack of these transcription factors bind- 
ing to the MHC class I gene promoter (Massa et al., 
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Fig. 4. Hypothesis of unique mwwxwrdinate expression of the IFN-0 and MHC class I genes in neurons and comparison with coordinate 
expression in astrocytes as outlined in the text. NF-kB p65 2 homodimers in neurons bind to and activate the IFN-0 but not the MHC class I 
gene. Note that the IRF-E of both genes primarily binds IRF-2 in neurons as presented here, but to IRF-1 in astrocytes (Massa PT and Wu 
H., submitted) the latter which accounts for MHC class I expression. 
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1993) and led to the question of whether the IFN-0 
gene was similarly silenced in these cells. Surprisingly, 
it was found that the IFN-0 gene was highly expressed 
in neurons after treatment with poly Lpoly C or Sendai 
virus while the MHC class I gene remained silent. 
Further, neurons responded differentially to treatment 
with neuronally derived IFN-0 by expressing an anti- 
viral state, but not MHC class I genes. These proper- 
ties may represent a mechanism whereby neurons suc- 
cessfully escape MHC class I-restricted lysis by cy- 
tolytic T lymphocytes during viral infection (Joly et al., 
1991), while concurrently halting production and 
spreading of viral particles to other neurons (Schyns et 
al., 1991). This study was aimed at determining the 
selectivity of expression of these genes in neurons. 

The apparent paradox of activation of the IFN-0, 
but not the MHC class I gene, in neurons prompted an 
analysis of kB and IRF-E enhancer function and en- 
hancer-binding activities in neurons. CAT assay data 
utilizing IFN-/3 and MHC class I promoter region 
constructs indicated that the kB and/or IRF-E bind- 
ing site of the IFN-0, but not the MHC class I, gene 
are responsible for inducible activity. The importance 
of the IFN-0 kB site and its strength relative to the 
MHC class I kB site in neurons is consistent with 
recent CAT analyses showing that point mutation of 
the IFN-0 site to that of the MHC class I sequence 
sharply reduces both NF-kB binding and virus (or 
dsRNA) induction of IFN-0 constructs (Lenardo et al, 
1989; Thanos and Maniatis, 1992). With the functional 
CAT data, gel shift analysis also suggested that the k B 
site (PRDII), rather than the two IRF-E sites (PRDI 
and PRD1II), may play the major role in the induction 
of the IFN-0 gene. This is consistent with present data 
showing that when neuronal extracts were probed with 
PRDI, the predominant activity detected was the IRF-E 
transcriptional antagonist IRF-2. Conversely, when 
neuronal extracts were probed with the PRDII duplex 
oligonucleotide, three inducible bands were evident, 
two of which were supershifted with anti-p65, but not 
anti-p50 antibodies. Presently it is believed that the 
prevalence of p65 (RelA) binding activity to PRDII in 
neuronal extracts is consistent with high transcriptional 
activity, especially of p65 2 homodimers, at PRDII 
(Fujita et al., 1992; Kunsch et al., 1992; Perkins et al., 
1992; Duckett et al„ 1993; Ganchi et al., 1993). 

IRF-1 is a transcriptional activating factor and the 
related factor, IRF-2, antagonizes the binding and 
transcriptional activity of IRF-1. Because inducible 
IRF-2 predominated over the expression of IRF-1 in 
neurons, it is proposed that IRF-E sites, PRDI and 
PRDIII of the IFN-0 gene and the ICS of the MHC 
class I gene, are functionally silenced in neurons. This 
was supported by CAT assay of these sites in neurons. 
For instance, addition of PRDIII in the p-91IFN-0 
CAT construct, which is a functional IRF-E in other 



cell types (Goodbourn et al., 1985), showed no signifi- 
cant difference in CAT activity compared to the p- 
77IFN-/3 CAT construct. Further, the MHC class I 
construct which contains a functional IRF-E (Shirayoshi 
et al., 1988) was not inducible in neurons, but is in- 
ducible in astrocytes (Massa et al., 1992; Massa et al., 
1993). Collectively, these data indicate that PRDII may 
be the only functional enhancer of the IFN-£ gene in 
neurons. The ability of the PRDII *B site to act as a 
sole virus-inducible enhancer is indicated by reports 
showing that deletion constructs destroying the 5' end 
of PRDI, but not PRDII (to -73 relative to the start 
site), mediated a 15-fold induction of the gene in 
mouse fibroblasts (Zinn et al., 1983; Goodbourn et al, 
1985). More directly, Visvanathan and Goodbourn 
(1989) showed that poly I:poly C induced large amounts 
of NF-kB which independently mediated IFN-0 gene 
induction through a single PRDII kB site, without 
juxtaposed IRF-Es. Finally, an important role for 
PRDII is consistent with recent reports showing that 
targeted disruption of the IRF-1 gene in mice does not 
appreciably affect the induction of type I interferon 
genes by virus or double-stranded RNA (Matsuyama et 
al., 1993; Reis et al., 1994), agents that are potent 
inducers of both IRF-1 and NF-kB factors (Grilli et al. 
1993). 

It has been shown that induction of anti-viral state 
by interferons or directly by viral materials (Wathelet, 
1992) may involve the expression of positively acting 
transcription factors IRF-1 and/or interferon-stimu- 
lated gene factor-3 (ISGF3) acting through the approx- 
imately 15 base pair ISRE in anti-viral state genes 
(Pine, 1992; Reis et al., 1992; Darnell et al., 1994; 
Kimura et al., 1994). However, because the central 
9-bp core of ISREs are IRF-Es (Pellegrini and 
Schindler, 1993), inducible IRF-2 in neurons may oc- 
cupy and repress ISREs, indicating that the mechanism 
of induction of antiviral state genes may be ISRE-inde- 
pendent in these cells. Even though the MHC class I 
IRF-E is reportedly a potential ISRE (Pellegrini and 
Schindler, 1993) and the present study has been unable 
to detect ISGF3 at any timepoint with this probe, an 
analysis of a number of other known canonical ISREs 
of antiviral state genes must be performed to deter- 
mine whether ISGF3 is rapidly inducible from pre- 
formed components (Darnell et al., 1994), even in trace 
amounts in neurons. On the tentative conclusion that 
neurons may lack ISGF3, anti-viral state genes in neu- 
rons may be under the control of interferon or virus 
response elements distinct from those that regulate 
MHC class I genes, including y-activation sites (GAS) 
(Decker et al., 1991; Sims et al., 1993) and/or kB sites. 
With respect to the former, IFN-a/0 appears to in- 
duce GAS binding activities both similar and unique to 
those induced by IFN-y in neurons (unpublished ob- 
servations). 
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The present report describes both the specific acti- 
vation of the IFN-0 gene and the selective response to 
IFN-j3 activities in neurons. This selectivity is consis- 
tent with present concepts on mechanisms of neuronal 
survival related to CNS immunoprivilege. Thus, agents, 
including viruses, that commonly induce a set of genes 
containing kB and IRF-E sites or VREs (Fan and 
Maniatis, 1989; MacDonald et al, 1990; Thanos and 
Maniatis, 1992; Du et al., 1993), specifically activated 
the IFN-0 gene, but not the MHC class I gene. Fur- 
ther, neuronally derived IFN-0 induces an antiviral 
state in neurons but not MHC class I molecules in 
distinction to other cells, including astrocytes. It is 
currently believed that site-specific interactions of virus- 
or IFN-0-inducible transcription factors, especially 
p65-containing NF-kB species and IRF-2, may be the 
major mechanism for differential control of these genes 
in neurons, as summarized in Fig. 4. Overall, the 
present data demonstrate a specialization whereby cer- 
tain cells may survive viral infections by both avoiding 
cytopathic effects of viruses (anti-viral state) and evad- 
ing immunopathogenic anti-viral cellular immune re- 
sponses by silencing MHC class I genes. Within the 
CNS, this may be a specific adaptation of neurons 
because other cells in the CNS, including astrocytes, 
are not endowed with this specialization. It is proposed 
that the relative functional importance and regenera- 
tive capacity of neurons and astrocytes reflect the 
expression of this specialization. 
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ABSTRACT 

Interferons play key roles in mediating antiviral and antigrowth responses and 
in modulating immune response. The main signaling pathways are rapid and 
direct. They involve tyrosine phosphorylation and activation of signal transduc- 
ers and activators of transcription factors by Janus tyrosine kinases at the cell 
membrane, followed by release of signal transducers and activators of transcrip- 
tion and their migration to the nucleus, where they induce the expression of the 
many gene products that determine the responses. Ancillary pathways am also 
activated by the interferons, but their effects on cell physiology are less clear. The 
Janus kinases and signal transducers and activators of transcription, and many of 
the interferon-induced proteins, play important alternative roles in cells, raising 
interesting questions as to how the responses to the interferons interact with 
more general aspects of cellular physiology and how the specificity of cytokine 
responses is maintained. 
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INTRODUCTION 

Type I (predominantly or and fi) and type II (y) interferons (IFNs) signal through 
distinct but related pathways. Enormous progress has been made in recent 
years in understanding how cells respond to IFNs, especially in uncovering 
the pathways that mediate inducible gene expression. We now know that these 
pathways invol ve (a) sped fie type I and type II receptors, which bind to the Janus 
kinases (JAKs), and (b) the signal transducers and activators of transcription 
(STATs), which in tum propagate the signals. Moreover, JAKs and STATs, 
discovered through investigations of IFN signaling, also are involved in many 
different cytokine- and growth factor-mediated pathways. We know of four 
mammalian JAKs and seven STATs. Several recent reviews describe signaling 
by IFNs in relation to other cytokines and growth factors (1-5) and more general 
aspects of JAK-STAT function and the family relationships (6-1 0). 

After activation by JAKs through phosphorylation of a specific tyrosine 
residue, STATs form homo- or heterodimers through mutual phosphotyrosine- 
Src homology region 2 (SH2) interactions. STAT dimers bind to gamma- 
activated sequence (GAS) elements, which drive the expression of nearby target 
genes. Different GAS elements prefer different STAT dimers, helping to es- 
tablish specificity. Both STAT1-2 heterodimers and STAT1 homodimers bind 
to p48, a member of the interferon regulatory factor (IRF) family. The result- 
ing trimers— called JFN-stimulaled gene factor 3 (ISGF3) in the case of the 
STATl-2 heterodimer— bind to IFN-stimulated regulatory elements (ISREs) 
that are distinct from the GAS elements. ISREs drive the expression of most 
IFNof/0-regulated genes and a few IFNy-regulatedgenes. This review describes 
the signaling pathways used to turn the IFN responses on and off and the func- 
tions of the induced proteins in mediating the major cellular responses to IFN. 
Many of the proteins involved in both signaling and responses have important 
alternative functions, which are also reviewed 
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SIGNALING PATHWAYS 
Interferon y 

The proximal events of IFNy signaling require the obligatory participation of 
five distinct proteins: type I integral membrane proteins IFNGR1 and IFNGR2 
(the subunits of the EFNy receptor) and JAK I , JAK2, and STAT1 (2, 11). Recent 
work has revealed that this signaling pathway is necessary, though not always 
sufficient, for induction of most if not all IFNy -dependent biological responses 
in vitro and in vivo. IFNy receptors are expressed on nearly all cell types, 
with the possible exception of mature erythrocytes, and display strict species 
specificity in their ability to bind IFNy (12). Functionally active IFNy receptors 
consist of at least two spccics-matchcd polypeptide chains (Figure 1). IFNGR1 
(previously the or chain or CD1 19w), a 90-kDa polypeptide encoded by genes 
on human chromosome 6 and murine chromosome 10, plays important roles 
in mediating ligand binding, ligand trafficking through the cell, and signal 
transduction (11, 12). IFNGR2 (previously the p chain or accessory factor-1). 




3W 



ni-i 

IPNAR1 IFNAR2C 

IPN aJfi Receptor 



IFH0R1 IFNGR2c 

IFN r Receptor 



Figure I Schematic diagram of the human interferon (IFN) alfi and IFNy receptors, (left) The 
IFNAR1 mid IFNAR2C submits of the IFtkt/p receptor, (tight) The IFNGR1 and IFNGR2 sub- 
units of the IFNy receptor. The positions of amino acid residues are shown inside each subunit, 
and functionally important intracellular domains are also identified. STAT, signal transducer and 
activator of transcription; JAK: Janus kinase. 
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a 62-kDa polypeptide encoded by a gene on human chromosome 2 1 and murine 
chromosome 16, plays only a minor role in ligand binding but is required for 
signaling (11, 13, 14). ~ * 

Three sets of experiments have implicated JAKs and STATs in mediating 
IFNy-dcpendent cellular responses. Rrst, isolation and complementation of 
mutant human cell lines have revealed that JAK1 and JAK2 become selec- 
tively activated in IFNy-treatcd cells and are required for the ligand-dependent 
activation of IFN K -inducible taiget genes (1). Second, through biochemical 
approaches, STAT1— a novel latent cytosolic transcription factor— was iso- 
lated and shown to undergo rapid tyrosine phosphorylation and activation in 
IFNy-treatcd cells (1,2). Third, structure-function analyses of the intracellu- 
lar domains of the two WNy receptor subunits identified constitutive, specific 
binding sites for JAKl and JAK2. Moreover, WNy induced the formation of a 
specific phosphotyrosine binding site on the receptor for STAT1, thereby pn> 
viding the mechanism linking the activated receptor to its signal transduction 
apparatus (11). 

Based on these and other observations, a relatively complete model of WNy 
signaling has been formulated (Hgure 2). In unstimulated cells, the JFNy re- 
ceptor subuniis do not preassociate with one another strongly (15), but their 
intracellular domains associate specifically with JAKl and JAK2 (15-18). 
JAKl binds to IFNGR1 through a 4-residue sequence (j^PKS^) in the 
membrane-proximal region of the IFNGR1 intracellular domain. JAK2 binds 
to a 12-residue, proline-rich Box 1-like sequence G^PSIPLQIEEYL^) in 
the membrane-proximal region of the intracellular domain of 1FNGR2. 

Functionally active IFNy is a homodimerthat binds to two IFNGR1 subunits, 
thereby generating binding sites for two IFNGR2 subunits (15, 19-22). Within 
the resulting symmetrical signaling complex, the intracellular domains of the 
receptor subunits are brought into close proximity, together with the inactive 
JAKs that they carry. JAKl and JAK2 are then sequentially activated by auto- 
and transphosphorylation. Activation of JAK2 occurs first and is needed for 
the subsequent activation of JAKl , which has a structural as well as enzymatic 
role (23). Worit with chimeric JAKl proteins and receptors has shown that the 



Figure! Signaling through the interferon (IFN)y receptor. The details of this model aredescribed 
in the text. In unstimulated cells, IFNGR1 associates with Janus kinase (JAK)J, and IFNOR2 
associate* with JAK2. WHy induces oligomcrization of the WHy receptor subunits, which leads to 
the ttansphosphorvlaiion and activation of JAKl and JAK2. The activated JAKs then phosphory late 
^ ^ ^NGK'. creating a docking site for signal transducer and activator of transcription 
(STAT) I. While bound to the receptor. STAT1 is phosphorylatcd on Y701 and is released from 
the receptor, forming a homodimer that translocates to the nucleus. 
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specificity of JAKs lies in their capacity to associate wiLh particular cytokine 
receptor subunits rather than because of a high degree of substrate specificity 

Once activated, the receptor-associated JAKs phosphorylate a functionally 
critical, tyrosme-comaining five-residue sequence UYDKPH^) near the 
Ctermnus of IFNGR1, thereby forming paired ligand-induced docking sites for 
STATI (26-28). IWo latent STAT1 proteins then bind to these sites because the 
0f each T6C °&r"& ^ tyrosine-phosphorylated YDKPH sequence 
(28,29). The receptor-associated STAT1 proteins are thus phosphorylated by 
the receptor-bound kinases at tyrosine 701, near the C terminus (30-32) The 
phosphorylated STATI proteins dissociate from the receptor and form a recip- 
rocal homodimer. which translocates to the nucleus by a mechanism dependent 
on the GTPase activity of Ran/TC4 (33). The active STATI homodimere bind 
to specific GAS elements of IFNy-inducible genes (1,2) and stimulate their 
transcription. The transcriptional activity of STATI homodimers is enhanced 
at some point in the activation cascade by serine phosphoiylation (at position 
727) by an enzyme with MAP kinase-like specificity (34, 35). 

Thus, the biological responses of cells to IFNy result from ligand-dependent, 
affinity-driven assembly of a multimolecular signal transduction complex that 
derives at least some of its specificity from selective recruitment of only one 
member of the STAT family to its ligand-induced, tyrosine phosphate-docking 
site on the receptor. Importantly, subsequent work in other labs has shown 
that other members of the STAT family are recruited to their respective cy- 
tokine receptors by similar ligand-induced mechanisms. As a result, the WNy 
signaling model is now an accepted paradigm that explains an important mech- 
anism of how cytokine receptors arc coupled to their specific STAT signaling 
systems. 

Processes that negatively regulate 1FN)/ signaling are only now being de- 
fined. In certain cells, such as T cells, IFNy can induce desensiuzaiion by 
down-regulating the expression of the IFNGR2 mRNA and protein (36,37) 
However, whether this mode of desensitization occurs in other cell types remains 
unclear. Dephosphorylation of the activated IFNGR1 subunit occurs rapidly 
following stimulation with IFNy (26-27). However, because no data suggest 
that the WNy receptor associates with a particular phosphatase, dephosphoryla- 
tion of the receptor may result from the action of general cellular phosphatases. 
More work in this area is needed. IFNy (as well as several other cytokines) can 
induce the expression of a family of proteins termed SOCS/JAB/SSI, which 
bind to and inhibit activated JAKs (38-40). This work reveals that cytokines 
can desensitize cells in either a homologous or a heterologous manner by in- 
ducing proteins that block JAK activity. Although some of these proteins have 
been shown to inhibit IFNy-induced biological responses when overexpressed 



tfenx tfy: AGy THERAPEUTICS; 650 615 4544- 

234 STARK ETAL 



Mar-14-03 3:49PM; 



Page 15 



IFNo/fJ 




Fixum 3 A modei for the ordered formation of signal transducer and activator of Iran- 
scription (STAT) 1 and STAT2 hcterodimers at the interferon (lFN)cr/0 receptor. In the unligandcd 
receptor, IFNARt associates with Tyk2, and IFNAR2 associates with Janus kinase (JAK) i, 
STATI, and STAT2. itt binding of STATI to 1FNAK2 depends on STAT2 but not vice vena. The 
iFN-mediated association of IFNAR1 and -2 facilitates the cross-prx>sphoryiation and activation 
of TJyk2 and JAK 1, which in turn phospborylate Y466 of IFNAR1, creating a docking site for the 
SH2 domain of STAT2, This new interaction positions STAT2 for phosphorylation on Y690, thus 
creating a docking site for the SH2 domain of STATI, positioning it for phosphorylation on Y701. 
Release of the STATI -2 heterodimer from the receptor follows. 
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complexed with one another, and then manipulation of those structures to reveal 
the detailed interactions that are crucial for function 

™ e ovcran P ,an of IFNor/yS signaling (Figure 3) involves five major steps: (a) 
IFN-dnvend.merizationof the receptor outside the cell leads to (ft)initiationofa 
tyrosine phosphorylation cascade inside the cell, resulting in (c) dimerization of 
the phosphorylated STATs, activating them for (d) transport into the nucleus, 
where they (e) bind to specific DNA sequences and stimulate transcription 
Current understanding of this initial part of the response is greater than of the 
full response, which additionally involves the suppression of IFN-stimulated 
genes (ISGs) in the absence of IFN and down-regulation of the initial response 
m the continued presence of IFN. In addition to this main pathway, lFNa/0 
activates several other pathways. Although the biochemical evidence for addi- 
tional signaling is persuasive, unfortunately we still have Hide knowledge of the 
physiological roles. It is also clear that different IFNa/0 subtypes can stimulate 
distinct and different ancillary responses. As discussed below, the mechanism 
probably involves a novel pathway in addition to die one shown in Figure 3. 

The receptor has two major subunits (Figure 1): IFNAR1 (the a subunit in 
ine older literature) and IFNAR2c (the 0 L subunit). IFNAR2a is a soluble form 
of the extracellular domain of the IFNAR2 subunit (48), and lFNAR2b (also 
called the fi s subunit) is an alternatively spliced variant with a short cytoplasmic 
domain (48) that, when ovcrex pressed, can have dominant negative activity (49) 
Only IFNAR2c restores DPNa/0 signaling to a mutant cell line in which the 
IFNAR2 gene has been inactivated (50). in contrast to the situation for the IFNy 
receptor, neither IFNAR1 nor IFNAR2 alone binds to WNa/fi with the high 
affinity of the two-subunit combination (51,52). After TFNa/fi is bound, the 
cascade begins with the phosphorylation of Tyk2, which is preassociated with 
JLFNARl (53,54). JAK1, bound to IFNAR2c, can phosphorylate and activate 
Tyk2 (55), which can then cross-phosphorylate JAK1 to activate it further. Tyk2 
also plays a structural role because the amount of IFNAR1 is low in Tyk2-null 
cells (56). The domains required for this role are distinct from those required 
to transduce the signal (57). Activated JAK1 and Tyk2 are almost certainly 
responsible for the sequential phosphorylation of Y466 of IFNAR1 (58) Y690 
of STAT2, and Y701 of STAT1. 

As shown in Figure 3, both STAT1 and STAT2 preassociate with IFNAR2c 
in untreated cells (59). STAT2 binds in the absence of STAT1, but STAT1 
binds well only to the IFNAR2c-STAT2 complex (59). STATl'and STAT2 
also seem to associate with each other in the cytosol of untreated cells (60), 
but the physiological significance of this interaction is unclear. When Y466 of 
IFNAR1 is phosphorylated, the SH2 domain of STAT2 binds to it (61), follow- 
ed by the phosphorylation of both STATs and dissociation of the phosphoryla- 
ted heterodimer from the receptor. 
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fij£i S ' IS' 16 i ST^T l ^ aVai,ab,e 10 definc thcir <* Wo*™ speci- 

es. Nevertheless, further investigation of those novel proteins is likely to 
produce new insights into how JAK-STAT pathways are nLtod 

wJt ? l08iC r al re,eVanCC ° f 5ign8,in 8 JAK-STAT path- 

2S fl f ^ u 8 Spedfidly ^ establishcd unequivocally 
52™f 21 ^ ch c arac,eri2ati0 « of mice with a targeted disruption 
of the STATl gene (41,42). STATi-null mice show normal tissue and <Ln 
developn.ent, produce normal numbers and distributions of immune cell popu- 

of manifesting any biologic responses to either IFNy or IFNa, and the mice 
IS in «" resist imcmbial and viraHnttns^ 

bv^ vtrif I f ?k ""J* n0t <3,Sp,ay abnomaJitic s in responses induced 
r y 0thCr Cyt ° kineS ISUCh aS h °™»*. epidermal growth 

a ZSS?}' 3nd imer,eukin ( IL )* 1 °J *« ^ve been shown to activate STAT3 
and STATI in vitro. Taken together, these results show that under physiological 
conditions, the development of biological responses induced by ffNy (and in 
many cases also by JFNa/fi) requires the participationof STATl. These results 
further suggest that the use of STAT} in signaling pathways under physiological 
conditions ,s restricted largely to the IFN systems. Thus, the specificity of ffNy 
signaling is due predominantly to two temporally and topographically distinct 
processes involving STATl The first prnees* fa the recluifment of STATl to 
a specific docking site formed on the activated receptor at the membrane In 
the second process, activated STATl dimers, once they arrive in the nucleus, 
activate a distinct set of cytokine-inducible genes. 

The ability of STATl to activate gene expression may also be modulated by 
its interaction with other transcription factors. For example, lFNy-dcpendcnt 
mductionofthe^ 

p48 complex with an ISRE rather than with a GAS element (43, 44). In addition 
induction of the ICAM-1 gene by IFNy depends on the interaction «JSSS 
™1 ^ h ^ n f npt,0 " factor SP 1 ■ occurs when both proteins are bound to 
UNA (45). Thus, cell type-specific gene induction by IFNy may be explained, 

££V n P ^ T abiHty ° f additi0nal Ce "- S P ecific Positive and negative 
factors to modulate the actions of STATl (46, 47). 

Interferons a and 0: The Common Pathways 

JAKs two STATs, and the IRF-family transcription factor p48 (Figure 3). The 
IFN«^ signaling pathways are understood at least as well as any other but we 
arestillatarelatively early stage, capable of drawing blobs to illustrate the major 
interactions but ignorant of the fine mechanistic dLi. It will require 
of the three-dimensional structures of the major components, individually and 
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Experiments in which the SH2 domains of STATl and STAT2 have been 
'"^"gedreveal ttiatthe specificity of the rFNy receptor for STATl requires 

°r (29) beCaUM a VaHant STAT1 the SH2 domain of 

M AT2 does not function. However, in the case of the IFNa/0 receptor, a very 
different result is obtained. STAT2 works equally well with either its own SH 
domain or that of STATl (29. 59). revealing that different domains of STAT2 
are more important in establishing specific interactions with the receptor. The 
N-termmal third of STAT2 has been identified as the dominant subregion in 
determining specificity (59). 

In addition to the seven major components discussed above, there is evi- 
dence that the tyrosine phosphatase SHP-2 may also be required for signaling 
This enzyme preassociates with IFNAR1 and is phosphorylated in response to 

or SHP-2 inhibits the IFNa//?-induced expression of a reporter gene (62). Ex- 
periments showing that SHP-2 is required for IFNa//?-dependcnt activation of 
endogenous genes in untransfected cells would help to complete this interesting 

How activated STATs reach the nuclei of IFN-treated cells is not yet clear 
ISGF3, the major transcription factor formed in response to lFNa/£ (Figure 4) 
is required to drive the expression of most ISGs via their ISREs. as shown by 
the specific defects in p48-null human cells (63,64). Interestingly, p48-nult 
mice also show severe defects in the induction by viruses of the iFNa/6 genes 
themselves^onsistent with the binding of 1SGF3 to virus-inducible elements 
within the IFNa//? promoters (65). STAT1-2 heterodimers and STATl homo- 
dimers form in response to IFNa/fi independently of p48, and each can drive 
the expression of a minority of ISGs, such as the 1RF1 gene, through GAS 
elements (66, 67). The relative amounts of STAT1-2 helerodimer and ISGF3, 
or of STATl homodimer and its complex with p48 (64), will obviously depend 
on the levels of p48, which can vary widely among different cell types. Be- 
cause the STATl homodimer that forms in response to IFNa/fi does not drive 
the expression of IFNy-responsivc genes that contain GAS elements, it stands 
to reason that an additional response to IFNy is required and that a secondary 
modification of STATl homodimers in response to IFNy may be involved (66) 
A prime candidate is the phosphorylation of serine 727 of STATl (34) 

Initial analysis of the interaction of ISGF3 with, the 6-16 and 9-27 ISREs 
showed that the protected region is about 35 nucleotides long (68,69) The 
most meaningful contacts between the ISRE and ISGF3 involve STATl , with 
p48 playing a less important role and STAT2 serving to provide a potent trans- 
activation domain (70, 7 1 ). The region between residues 400 and 500 of STATl 
provide binding-site specificity (72), and the region between residues 150 and 
250 is involved in contacting the C-termina! portion of p48 (73). The STAT 
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HETERODIMER 



IFNo/p 
Receptor 




5' TTNCNNNAA 3' 
GAS 

HOMODIMER 




ISGF3 



^a"4\ > 5' TTNCNNNAA 3' 

P48 1^3-PF GAS 

5' AGTTTCNNTTTCNC/T 3' 
ISRE 

ST 4 T f anscr, P Uon tKV3X * fomed * * c l '«™»od interferon <IFN)<r//> receptor and their 
"wognmon elements. Signal transducer and activator of transcription (STAT) 1 and STAT2 
neterodimeis and STAT1 homodimcTs bind to identical gaimna-activated sequence (GAS) 
elements, whereas interfcion-stiniuiated gene factor 3 (ISGF3) binds to interferon-stimulated 
regulatory elements (ISREs). 

dimere that are formed in response to many different ligands, including the 
IFNs, bind to GAS elements whose sequences determine the specificity of the 
interactions (74). Little current information is available on the regions of STAT 
duncrs that arc in contact with the DNA of GAS elements. 

Xu et al (75) and Vmkemeier et al (76) have found that the N-terminal 
domain of STATs 1 and 4 are required for the respective pairs ofhomodimers 
to cooperate in binding to tandem GAS sites, which are found in the promoters 
of some genes that are induced in response to activation of these STATs, for 
example, the WNy gene (75) and the mig gene (77). Other genes, for example. 
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of"!!' ? i?rn haVe landem ISREs « and k ™y be that the cooperative binding 
of two ISGF3 moieties is required for their optimum expression. 

i S^J^SiS? h8Ve established ^P^ant connections between STATs 
et al (79) showed that the N-terminal region of STAT1 interacts with the cyclic 

f h f/T!f ^"J 1 binding protein «**BW*idi«g domain of CBP/p300 
and that the C-terminal region of STAT 1 interacts with the domain of CBP/p300, 
which also binds to the adenovirus protein El A. Furthermore, both unphos- 
phorylatedSTATl monomers and the phosphorylated STAT 1 dimers formed in 
response to IFNy are competent to bind to CBP/ P 300. In transient expression 
assays cotransfection of CBP/ P 300 potentiated and E1A inhibited the activa- 
k j" ? AS / dnven "Wer in response to JFNy. Similarly, Horvai et al (80) 
showed that tbeSTATlandAPl/etsfactors that are activated by ^-dependent 
signaling compete for the limiting amounts of CBP/p300 that each requires for 
activity. Impressively, microinjection of antibodies directed against CBP/p300 
Mocks transcriptional responses to TFNy. Furthermore, Rutherford et al (81) 
found that the Ets- 1 protein of mice binds to an ISRE and may negatively reg- 
ulate activation by ISGF3. It remains to be seen whether CBP/p300 is required 

fo tranSCripti0nal rcSponsc t0 STAT1 nomodimers formed in response to 
ltNa/ff, but Bhattacharya et al (82) have shown that CBP/p300 also binds to 
the C-terminal region of STAT2 ond that blockade of this interaction by the 
adenovirus E1A protein inhibits ISRE-mediated responses to WSa/8. These 
fascinating studies provide the first indication of how STATs may interact with 
the transcriptional machinery. 

The mitogen-activated protein kinase (MAPK) cascade is activated by 
f .^Vw 6ffeCl 0f Ihis activation on signaling has been explored. David 

f al (3 2!° U 1 d Ihat ERK2 (thC 424cDa MAPK > binds to a glutathione S-trans- 
terase (GST) fusion protein containing the membrane-proximal 50 residues of 

*?™ ° 6 °T n ° f IFNAR1 bul 1101 10 me fulWen g m cytoplasmic do- 
main of MOO residues. However, there was association between ERK2 and 
full-length IFNAR1 in vivo. Treatment of cells with IFN/J induced the tyro- 

S ,T^ Ph0 ?' la ! i ° n and activation of ERK2 «« ca «*d it to associate with 
MAri, as judged by coprecipiiation. Furthermore, expression of a dominant 
negative form of MAPK inhibited IFN/Mnduced transcription in a transient 
cotransfection assay employing an ISRE-driven reporter. It is tempting to con- 

2? ^J^T*!!™ with 1,1086 of Wen « ■» (34). who showed that serine 
727 of STATI, which lies in a MAPK consensus site, is phosphorylated in 
response to DFNy and that this phosphorylation increases the response of a 
GAS-dnven promoter to IFNy . Unfortunately, the connection is not clear. It 

to"nS?J? w ° ^nTu STAT1 iS ^P^ 1 ^ o" ««inc in response 
to WNa/0, Wen et al (34) have argued that such phosphorylation is unlikely 
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to be important for the activation of ISRE-driven genes because STAT1/J an 

SSTEf * 'r ? STAT1 ,aCMng Scrine 727 ' can *™ ISGF3 and 
anve tne expression of such genes, albeit not as well as STATlcr (83) This is 
P^umab.y because STAT2 provides a potent translation iS STA^ 

tZ £2 "V.r rCSidUe { " 4 MAPK «""»«» is not known 

o be phosphorated in response to IFN. Thus, the basis of the cross talk be- 
tween the ffNa/^ and MAPK pathways requires further clarion InnZ 

£5 2K 0 * 81 (84) Sh ° wed lte Raf which Ues Ras and 

reo^L^f CaSC3de ; iS aCtiValed by in a mannw «« does not 
require Ras but does require JAK1. Furthermore, Raf 1 activated by TFNB can 

be coprecipitated with cither JAK1 or Tyk2. 

JFNa/0 treatment causes phosphorylation and activation of cytosolic ohos- 
phohpase A 2 (CPLA 2 ), which requires JAK1. Furthermore, JAK1 and CPLA, 
can be coprecipitated (85). Inhibitors of CPLA 2 inhibit IFNa/^-induced ex? 
presHon of ISRE-dnven genes, but not of a GAS-driven gene, which implies 
that CPLA 2 is somehow required for the formation of 1SGF3 but not of STAT1 
hornodimer The basis for this interesting effect remains to be discovered. 

Theinsuhnfeceptorsubstrate-1 (IRS 1 ) is phosphorylated on tyrosine residues 

nh2 nSC •? mdf in thiS state - pli * s i,s usua! ro!e in brined Phos- 

phatidyhnositol S'-kinase to receptors for activation by tyrosine phosphLa- 

etal(87) found that this activation of IRS 1 depends on both JAK1 and Tyk2, thus 
requmng full function of the IFNa/0 receptor. However, the physiological sig- 
nificance of this actuation is unclear, because cells lacking both IRSl and IRS2 
show htlle difference from cells that express these proteins in cell growth inhibi- 
tion m response to IFNa/p or -y (87). More experiments need to be done to test 
theroujtrementforphospha^ 

Interferon p; A Subtype-Specific Pathway 

Humans have at least 12 functional IFNas, a single antigenically distinct TFNB 

and a related IFNo, (88), whereas other specWLe multip^ 

The human IFNas are synthesized predominantly by a subset of lymphocytes 

andlFN^smadeby fibroblast,. Work with diffe^^^ 

by recombinant DNA technology and by purification of natural leukocyte IFnT 

«lTo^ivSri m T** ^ thdf Spedfic antiviral activi ^ " 
ZZl7^ T ^^Tu^^' ^ in 3 number of additional 
1 'n ^ " mght be expcctcd ** diffcrent «« ^ might 

of th (for example, see Reference 91). The various IFN«//fc appear to interact 

ui^^ 

ulatory activities ,n a number of cell types. The functional significance of the 
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mu t,pk spcacs, and how functional differences a re mediated through appar- 

to^^F^ remain intrigUing ^ UCSti0ns in *■ «■ of 
Tnumnng .differences are emerging, both with respect to IFN-receptor inter- 
acts and the mduccd mRNAs. Mutant cells in the Ul comple^ta*™ 

of natural IFNas or to recombinant IFNorl or -«2; nevertheless, they retain 
partial responses to IFN/J (56) and 1FN*8 (91). How the residual JFKB rc 

cell hnes lacking JAK1, STAT1, or STAT2. It is likely, therefore to be me- 
^ through JAK-STAT pathways but without an abLute re^ntfor 
Tyk2 in the receptor complex. Consistent with this model, IFN/3 engages the 
receptor ,n a dtst.net fashion. The groups of Revel and Colamonici first noted 
tne rapid, transient tyrosine phosphorylation of a receptor-associated 100-kDa 

IT^JTT^l 0 SI^ Ut n0t t0 m " < 93 ' 94) - ™ s has recently 
b«n identified as the IFNAR2c subunit of the receptor (95,96). Importantiy, 
IFNAR2C is phosphorylated apparently equivalent^ in response to IFNa or 
-p, the difference lying in its ability to coprecipitate with iFNARl from the 
complex withJFN^but not IFNa (95,96). It remains t> be established whether 
this intriguing finding reflects a tighter association of the two subunits in the 
p versus the a complex, which might in turn reflect structural differences that 
transmitted through the membrane to the intracytoplasmic domains, mediate 
a differential response. Importantly, fiRi, a gene transcribed preferentially in 
response to IFN* has been discovered (97). The isolation and characterL- 
tion of the corresponding promoter should, through the identification of known 
and novel motifs, provide evidence for the involvement of known signaling 
pathways and experimental handles to investigate unknown ones. 

Modulation of IFN Responses 

US n ? c °i I hC family ' such " IRF2 < 98 >« IC SBP (99), and ICSAT (100), 
Dind to ISREsandnegativelyregulateexprcssion of the associated genes. These 
repressors may help to prevent the expression of ISOs in the absence of IFN, to 
down-regulate the induced response, or both. Treatment of cells with IFN in the 
presence of protein synthesis inhibitors prolongs ISG transcription (101, 102) 
mdicaung that some IFN-induced proteins may help to shut off the response 

T"? " other V" of inhibitore < sec beiow )- A ™ ta ™ <*» 

t£T ^ -dependent constitutive expression of ISO* has been isolated. 
There is little or no defect in shutting off the response to IFN«/« in these cells 
suggesnng that these two aspects of negative regulation can be distinguished 
(DW Leaman, A Salvekar, R Patel, GC Sen St OR Stark, unpublished data) 

The amount of active STAT1 can be reduced by dephosphorylation (103 104) 
Proteasome-n^atedde^^ 
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is controversial (104). Inhibition of phosphatases by potent agents such as oer 
oxyvuna^cstabilizestheligand-inducedphosphorylSono?^ 

S £?at i y 7* inhiWled *"!**"■« ^ operate on phiphl 
ry lated STATs ,n thenucleus or on phosphorylaied JAKs oT^eptor subunits 

in 1 h ? ^ ,atter fUnC,iOT ' and SMM has »— i^ated 

nave to r u r2tr^ ie f c r ,ls 2* m - °^ i****™™** 

naveto assume this role m most other cell types, where SHP-1 is not expressed 
Phorbol esters, which inhibit signaling in response to JFNa fiXZT^t 
rVtJ o™"™* *™ ine Phosphatases that selectively aepha.phoSate 
fyk2but not JAK1 or IFNAR1 (110). Decreased availability of ^7 ma 7aUo 
play a role (111). The ISGFS-mediated response to IFN«/^s 1^1 Ihe 

amed by IRFI (69). In human fibroblasts, the level of ISGF3 declines over 
he course of a few hours and returns to a basal level after 4 h However 

dHLT^V ranSCripti ° n rWe ° f the 6 - 16 is m * * ^ximum, coin- 
cident with the maximum in the IFN-induced expression of IRFI (69) The 
eventual return of 6-16 transcription to a basal level, in about 8 h, coupon* 
to Ae decline of KFl By studying mice null for expression of p48, IRFI, or 
both, Kimura et al (1 12) have shown that p48 and IRFI do not have iedundani 
and complement each other in the responses to both IFNa//? 

FUNCTIONS INDUCED BY INTERFERONS 
Antiviral Activities 

The ability of IFNs to confer an antiviral state on ceils is their defining ac 
tmy as well as the fundamental property that allowed their di cover? (1 ,3) 

an early line of defense against viral infections— hours to davs hefor/ iL im . 

Set™ 8 T ^ T » 

vm* infections of mice lacking both IFNor//? and y receptors (1 14) Multiple 

redundant pathways have evolved to combat different typeTof vtawSta 

to m« 5 g V^ Vm,S rCpliCMi0n ««> be fair game for inhibi- 

tion by IFNs (115), including entry and/or uncoating [simian virus 40 (SV40) 

RNA stability (picornaviruses), initiation of cranslaUun (reovirusw, adenovirus 
vaccinia), maturation, and assembly and release (re rrovi^TsV) 
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Protein Ktnast (PKR) 
Pathway 



The 2-6 A System 
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INHIBITION OF PROTEIN SYNTHESIS 
AND TRANSCRIPTIONAL CONTROL 



(RNaseL) 
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TRANSCRIPTION INHIBITION. 
OTHER 



RNA CLEAVAGE 

J Antiviral mechanisms of interferon (IFN) action. 

PER The best-chaiacterized IFN-induced antiviral pathways utilize the 

* naSC <™> * 2 - 5A ^em, and the Mx p£ 
SlSTI } ; 15 3 senn ^o*ine kinase with multiple functions in 
^TnlT^T™? ^ m0a (H6, U7) - PKR "normally inactive, 
S^A^Vh/t h A> ? ^^lation and subsequcm 

dsRNA-mdepcndent phosphorylatton of substrates. Two conserved dsRNA- 

ST h S d, " g aCUvUy inCludcs rcsiducs ^r binding to 

dsRNA. highly conserved w,thin a large family of dsRNA-binding proteins. No 
RNA sequence specific^ 1S required for dsRNA to bind to PKR. The resulting 

domam (1 18). The antiviral effect of PKR is due to its phosphorylation oHhe 
alpha subumt of motion factor eIF2. This phosphorylauon results in the for! 
mauon of an inactive complex that involves elF2-GDP and the recycling factor 
eIF2B, resulting ,n rapid inhibition of translation. Apoptosis may also play* 
«k ,in the anttvind effect of PKR (see below). OvetSpressiZf PKR ^ds 

m ?S£a \ 3 d0mmant ncgativc PKR mutant * antisense 

PKR cDNA construct suppresses the anti-EMCV effect of 1FN« and IFNy in 

22^^°*^ ^P 01 ^ « »^ treatm^r^ 
cx^r f h redUndancy Pathways is apparent because 

s^r extcnt 1,10 survivaj ° f - ~> — 
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the 2-5A system This system is a muitienzyme pathway (Figure 5) in which 
ITN-mducible 2-5 A synthetases are stimulated by dsRNAs, often of viral origin, 
to produce a series of short, 2',5'.oligoadenylates (2-5 A) that activate the 2-5 A- 
dependent RNase L (122, 123). Activation of this pathway leads to extensive 

t!*ZK* ™ A (124 " 126) - 2 ' 5A synthetases (40, 46, 

t>7, 69 71 and 100 kDa) are encoded by multiple genes and reside in different 
parts of the cell (127-130). 2-5A binds to inactive, monomeric RNasc L, 
inducing the formation of the homodimeric, active enzyme (11 1-133) The 
activation of RNase L is reversible (134). Its N-terminal half is a repressor that 
containsarepeatedP-loop motif and nine ankyrin repeats, both involved in 2-5A 
binding. Ihe C-terminai half contains a region of protein kinase homology a 
cysteme-nch domain, and the ribonuclease domain (135, 136). The isolated 
C-terminal half of RNase L cleaves RNA in the absence of 2-5 A (137) There 
are striking similarities between RNasc Land IRE Ip, a yeast endoribonuclease 
that functions in Had mRNA splicing in the unfolded protein response (138) 
An intriguing possibility is that RNase L might exist as a member of a family 
of regulated nucleases with diverse functions in different organisms. 

The functions of the 2-5A system have been explored through genetic manip- 
ulation of RNase L. Cells expressing a dominant negative derivative were de- 
fective in expressing the anti-EMCV and antiproliferative activities of IFNo//3 
whereas overexpression of RNase L blocked vaccinia virus and HIV-I replica- 
tion (136, 139; RK Maitra & RH Silverman, unpublished data). RNasc L-null 
mice arc deficient m both the anti-EMCV effect of JDFNa and in several apop- 
totic pathways (140). Although IFNa treatment extended the survival of both 
wild-type and RNasc L-null mice after EMCV infection, the RNase L-null 
mice died several days earlier, lending support to cell culture studies Unking 
the 2-5A system to the anti-EMCV effect of IFN (123). The ability of RNase 
L to be activated by small molecules opens up possibilities for drug design and 
development. In one such example. RNase L was recruited by 2-5A-antisense 
oligonucleotides to cleave respiratory syncytial virus M2 RNA selectively, thus 
blocking viral replication in human tracheal epithelial cells (141. 142). A mam- 
malian 2-5 A system has also been cloned in transgenic tobacco plants, resulting 
m resistance to several different viruses (143, 1 44). 

the MX protfjns Mx proteins are IFN-inducible. high-abundance 70- to 
80-kDa GTPases in the dynamin superfamUy (145, 146). Mx proteins and 
dynamins self-assemble into horseshoe- and ring-shaped helices and other he- 
lical structures (147-149). Human MxA forms tight oligomeric complexes 
m cell-free systems and in intact cells (150, 151). The Mx proteins interfere 
*™ ?™l replication, impairing the growth of influenza and other negative- 
strand RNA viruses at the level of viral transcription and at other steps. The 
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^T^l P MXl , 5 . UPPrC5SCS the ^ ^influenza, Thogoto, and 
ent^f T V,n,S "' and thC human P**™ MxA inhibit the 

gmwth of influenza, VSV, measles, Thogoto, bunya, phlebo, hanta and hu- 
man parainfluenza 3, but not Dhori viruses (152-157) Mutan^onns of Mx 

Si ? v?v em ' ^ b,nding « not to MWym, of OTP isYequired to 

heved to interfere with the trafficking or activity of viral polymerases (160) 
Fu^e^M^^ 

pjcx (O Hallcr, personal communication). Murine Mxl inhibits the primary 
ransciipuon of influenza virus, whereas human MxA acts in the cytoplasnuo 
inhibna later step m the viral life cycle (161). Although PKR andMx genes 
Z'< ' r d ^t feremia " y by type 1 Synthetase and RNase L aS 

not iS? 5w SP" (I , 16 ' 135 ' 162 ' I63) - A,S0 ' *» inducti ™ * ^ (but 
™ of n.tnc oxide synthase in mouse macrophages inhibits the growth 

of ectromeha, vaccm.a, and HSV-1 vimscs (164). Therefore, different antiviral 
pathways may be induced in different cell types, depending on the type of IFN 



Many ff^nduced proteins are poorly characterized, and some of these are 
very likely to possess antiviral activity. For instance, expression of the IFN- 
inducible 9-27 protein led to a partial inhibition of VSV replication (165) 
Clearly, the enormous selective pressures imposed by viruses have resulted in 
a rich and diverse set of antiviral pathways. 

VIRAL INHIBITION OF THE IFN RESPONSE Hardly surprising, viruses fight 
back not only against host defenses in general (166-169) but also against Z 
IFN sys ems in particular, both through novel mechanisms and by subverting 
'^^ems though the syndesis ofnovel proteins ami r^teins that minic and 
hus interfere with host proteins (e.g. the IFN receptors; sec References 169, 
170). There is evidence for the inhibition of the 2-5A-dependent RNase L in 
response toEMC infection (171) and for a cellular protein inhibitor of RNase L 
(1 72), bm the most extensively studied examples involve the inhibition of PKR 
At east four different mechanisms are used, including inhibitory viral RNA 
uihibitory viral or cellular proteins, and proteolytic cleavage. ^st ldSt 

i-ak ( i / 3). An important fact is that mutant viruses lacking VA RNA arc more 
sensitive to IFN-mediated inhibition (174). Epstein ■B^te^o^sS 

B^^^fvkM tiP^h^^ I vo ^ a ^' m * s ™tito r function forEpstdn- 
*Z^L V,n *. (1 J 5) > !i hou 8 h « EBER-negative strain shows no obviously 

the viral dsRNA activators of PKR are the reoviras sigma 3 capsid pro^ (177^ 
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1^^^^ ^ Erectly. I„ response to EMC infection, pioteolytic cleav- 
«8 *M '?T s - ,nfcc,ed cells «* ^"estration of the enzyme occur 
(182, 183). Particularly interesting are the cellular protein systems that inhibit 

hS t0 Ul?ff I"" infeCtion ' p58(IPK) ' a P«*ta in- 

hibitor of PKR, , s ,„h,b.ted by J.p58(lPK), which is apparently inactivated in 

response to .nfection. I-P58(H>K) has recently been identified as the molecular 

chaperone hsp40; this identification revealed that the influenza virus regulates 

h,™ r V , ,ty Z T^** * Cdlu,5ir $trC5S protcin (1 84 >- Both cclls and viruses 
have devetoped elegant mechanisms to control PKR, which shows the impor- 
tance of this enzyme in controlling cellular functions (see below) and virus 
rephcauon. As a variant on this theme, SV40 can restore efficient translation 

act^Ll X !? ,evd5 0f P^P^ed eIF2« that result from 

activanng PKR, because the translation^ rescue mediated by the SV40 lane 

8n,1 S cn o 00 "" downstream of the phosphorylation of elF2<* (1 85). 

Cell death in response to virus infection may be mediated by apoptosis as well 
« "mi (1 86). Interestingly, cells from mice lacking the 2.5A-dependcnt 
RNase L or PKR show defects in apoptosis (140, 1 87), consistent with a possible 
role for these enzymes in virus-induced. IFN-mediated cell death. Poxviruses 
produce CrmA, and the Kaposi's sarcoma herpes virus produces FLIPs (in- 
hibitors of the apoptotic rCE and FLICE proteases, respectively), presumably 
to suppress host-cell suicide and inflammatory responses (188, 189) Other vi- 

ZmSoStl!^ ™ Cmb]C mamTna ' ian bd ' 2 which "W™** 
The adenovirus El A and human papilloma virus £6 and E7 proteins inhibit 
the production and action of IFN at the level of transcription (66, 191-194) 
For El A, the effect on the transcription of ISGs is mediated, in part at least 
through a reduction in functional p48 (192, 193) and probably also by scours- 
tenng p300/CBP, required for transcriptional activation through STAT2 (82) 
A similar inhibition at a transcriptional level of IFN production and action is 
mediated by the Kaposi's sarcoma herpes virus through the production of an 
^k/ 0 !™ 1 ° f ^ ^ ^ actional strategies, the poxviruses pr^uce 
soluble IFNo and WNy receptors (1 16), and the EB virus generates an IL-10 
ana og ^ Interestingly, the type I IFN receptor mimic produced by the vaccinia 
virus shows a wide species specificity, consistent with the broad host range 

the virus, inhibiting the production of IFNy and activating the B lymphocytes 
necessary for virus replication (196). iynipnocyies 

r™ C ™ Sy ' tems « * cellular control during development and dif- 
ferentiation and are subject to inhibition by viruses. The niultiple^nisms 
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Conversely, the IFN systems are not, of course, the only host defense svs- 

ET. which vin, f raa,ia,e In<tec4 to know •»» «£. » 

important, viruses must be investigated. 
Inhibition of Cell Growth 

IFNs inhibit cell growth and control apoptosis, activities that affect the suppres- 
sion of cancer and infection. Genes have been identified that are important for 
he apoptotic, but not the growth inhibitory, effects of IFNv f 197) Therefore 
these two activities of IFNs are considered separate but related topics 

Afferent cells in culture exhibit varying degrees of sensitivity to the antipro- 
h eratrve activity of IFNs. In some cases, growth arrest may be due to differen- 
tiation, particularly when IFNs are used in combination with other agents such 
™~ dS t ,98 ' n*Wndooed gene products have not been 

inked directly to antiproliferative activity. However, JDFNot has been shown 
to target specific components of the cell-cycle control apparatus, including 
c-myc, pRB cyclin D3, and cdc25A (200-203). Lymphoblastoid Daudi cells 
are exquisitely sensitive to the antiproliferative effects of FFNa, which lead to 
a rapid shutdown of c-myc transcription, possibly through a decrease in the 
activity of the transenpnon factor E2F (202). Cells expressing a transdotni- 
nant mutant of PKR fail to suppress c-myc in response to IFN, although the 
phosphorylation of pRB is suppressed (204). FKR may play a subtle role in 
cell growth regulation. Early-passage embryo fibroblasts (MEFs) established 
nwn PKR-null mice achieve saturation densities similar to those of wild-type 
MEFs, whereas PKR-null cells consistently achieve higher saturation densities 
beyond hve passages. The doubling times of wild-type and PKR-nuil cells do 
not differ appreciably between early and late passages, however (S Der & BRG 
Williams, unpublished data). This phenotype is similar to the increased san> 
ranon densities described for MEFs derived from p53-nuil or p21/WAFl-null 
mice (205) and may result from increased resistance to apoptosis, induced by 
growth-factor deprivation in the absence of PKR * 

,n ° f PRB by m is Su ^ ssed *>y the inhibition of cdk4 
and cdk6. This inhibition is achieved through the suppression of cydin D3 and 
by preventing the activation of cdk2-cyclinA and cdk-cyclinE, thereby inhibit- 
mg the phosphatase cdc25A (203). This mechanism of growth suppression is 
distinct fromthat of other growth-inhibitory cytokines such as TGFb because it 

of L ? T m *™° 65 C,earIy com P ,icate *>y mechanistic understanding 
SSE 3^ ^ imiUCUOT rf P 2I ^ k2 h - ^ -^ed with grow* 
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Control ofApoptosis 

induced or inhibited the apoptosis of murine me- B * B S ^ 

22t !f emia * respeclive,y (207 - 20 ^ ^£££2S 

7°" " ap ° ptOSis in maH « nwt hu ™> T cells, dependiCr*c 
presence or absence of serum and the levels of the IFNy ^2 ■ mS > lZ 

™£ ™ " ~n -th the 
tors of apoptosis and the enzymes they regulate. Forexamnle d*RNA ™™T j 

negative bactena. are potent mducers of apoptosis. Interestingly, either dsRNA 
or LPS mduces the synthesis of IFNs. The induction of IFNy tm iZZ 

p^^ 

Investigations into molecular pathways mediating ^induced aoootosis 
havefocusedeitneron the antiviral ^^(see^Io^oroSfyS^ 
protems ,n the pathway. Several genes have been cloned thaVwhen dotn 
regulated suppress the growth inhibitory or apoptotic activities of^Cin 
HeLa cells. five novel genes for death-associated I proteins DAP 1 to 5 J3 
two other proteins (thioredoxin and the pnaease ££5 D^ay a "roiet 
these processes (197, 2IS-2I8). Down-regulation of DAP-lfa ™iin7 rich 
E™ 2 (DAP kinase), DAP-3, or cathepsin D vvith antisense jR^As 
blocked the apoptotic activity but not the cytostatic effect of ST DAP* 

L! to^Tf dent tanase a c <« deaffin fc^al-* 

5 8 2 19) SfSJS ^ ^ CXpreSSi ° n " l0St *™ - human 
218 219) DAP-2 ,s a tumor suppressor gene that couples the control of aDOt>- 
to«s tometastasts (219a). DAP-5 was identified from apartatcDNTefcoZ 

eIF4G (217) It will be interesting to (leterrnine how all of these proteins inter 
act w,th each other and with other intracellular apoptotic factor 
Effects of IFNs on the Immune System 

«fy m)or recent ,„ uwteratamfing «,„ roIes * TOs jn " 
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-nd IFNy diverge. IFNs are known Co profoundly affect nearlv .11 nh««3 
innate and adaptive immune r^ponses.Vithin the^N 
the predominant immunomodulatory role. It is produced byTr£tri7ed set o 
unmune cells (T cells and natural killer cells) in respond 
inflammatory stimuli and functions to stimulate the Zela^Z^Z 
of immune effector cells. The immunomodulatory actions ofmlTel 
resmcted: They are directed largely at promoting res^se^l^ 
. host with adaptive immune response mechanist „£ 4d S„ 

im ANT.GEN PROCESSING AND PRESENTATION, AND DEVELOPMENT OF CD8^ 

tcell responses One unarguable role of IFNs in prornoUngpmLXeTm- 

£ Shv^ C ° mplCX (MHC5t A " ^ famil y ^bers share 

the ab.hty to enhance the expression of MHC class I proteins and thereby to 

known to be dnven by IRF1 , the transcription factor predominantly responsible 
for acting MHC class I gene transcription (222, 223). Cells 

PKR t mTr^ m CUhCT lhB ™ y " W rece P tor STAT1, 
PKR, or JRF1 faiJ to up-regulate MHC class I proteins on their surface in re- 

™i? ZTT^u by thC aPPr0priate ^ In »fy is uniquely 

capable of inducing the expression of MHC class II proteins on cells, thereby 

me^a^rfrT CI1TA ' 06,18 from human ^enTwith 
of r^r^T y bare - iymph0Cyte characterised by the absence 

of CIITA, rail to express MHC class II proteins either constitutiveiy or fol- 

m a wide vanety of different cell types, such as mononuclear phaeoevtes 
endothelial cells, and epithelial cells, but it inhibits IL^SS 

ex^^/^ 8n imp0ltant r ° le in flntigen P^^g «>y regulating the 
expre^on of many proteins required to generate antigenic peptides. TFNy 

° f Pr ° teaSOnieS by m0dUlatin « the of bomTn" 

jyiwnc and nonmymatic components (221 , 226). The proteasome is a mul- 

0* bind 1 to MHC class I proteins. In unstimulated cells, it contains three enzv^ 

transcription of the x, y, and z genes decreases, and transcription of three addi 
rtona^en^^ 

and MECL1, increases. Tlus leads to the formation of different pmtetornes 
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munogenici.y by iac*,™,, a* quantj ^ ^/ nl r" ""■ 

in association wiih MHC class J pZ,!. ^ " Pep0 * S d,5pla >" !d 

opment of humoral immune responses. IFNy has an imn^TJ? Z , 

Sly i * V£5 ^SSL'Z "" " w *« "* «»- » 

f^r^e.STp^r^ T" Macrophages 
P mem with enhanced cytocidal activities (240). Through the use 
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Atomo monocytogenes T«Zj„2 !? "" crob,a l PMhogens such as 
differ,™ ^SS ft^ 1 - 
infection occurs in n=N„ \™ «2-245). Increased susceptibility to 

^oT^^ST 1 ; producing supert)xide anion ' which > in £ 

rt x Jri, w , , naI tOX,C °W n impounds such as hydrogen ner 

NO (Z41)m^T^l?Pi^ MtalyZCS 0,6 fomati <> n of large amounts of 
nvw«7). NO is thought to kill target cells by one of two mechanism* Pm>» u 

^^^^mesconflict- 
lions soasest thai WtollinL* f™ 1 ' allhou e* ™™ recent obscrva- 

the development of soecific t hT,™ (as u descnbcd above), by regulating 

cells. In SSL 1T£n s 1 2£ 061 SU ^' or « *» level of B 

latter case, IFN S are predominantly responsible for regulating three 
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SeUon 'Z 5T i0nS: , dCVel<>Pment 8nd ***** in^noglobulin 
Ug) secretion, and Ig heavy-chain switching * 

The best-characterized action of IFN s directed toward B cells is theirabilitv to 

f— 

th!~ A S y f ^^d'sonct effector funcrions in thehost Bvfavorin* 

T^Zm^Z T bCtWeen ^ hUm ° ral and ceI,u,ar e ^tor limbs 

and v~in^ nS T^ T ^ 3gainst ccrtain bacleria 
ETSJf I SSl ^ 15 aWe 10 dlreCf tanoglobulin class switching 
S g ! : ^ ■ IgG2a Subtype in Emulated murine B cells (248) and to 

M m ""EI B M d,S ** hTO b " 1 stimu,ated with acuiaced? 
B <!pii< f ^verJFNy M«*» TL-4-induced Ig class switching in murine 

LtL ^ J**. t0 IgGl ^ IgE (250) - The vaJid «y ^ these observTo"! 
has been tested stnngently by injecting mice with polyclonal anti-IgD «n7m a 

22? How ^ ? B SS- Th6Se miCe P r0duccd la * e qu-dS on^ 
*id IgE. However, when IFNy was administered prior to anti-IgD treatment 

«• «e produced high levels ofIgG2a and decreed levels of^T^us 

IFNy is clearly an important regulator of Ig class switching in vivo 

A role for type I IFNs in this process has also been identified (251) Of 

p^cularimpoitance are experiments using mice that lack receptors for IFNy 

n d thc P rofi,cs of *• LCMV-specific antibodies generated 
Z£?TSf ^T^, ,eVdS ° f LCMV -^nc IgG2a antibodies were 
or /« ? ^ ° f ™* and 0f "*» responsive to either IFNy 
or IFN«/£. In contrast, IgG2a antibodies were not produced in mice laS 

Sne '"^^ 

^vT^tT P ° n T SC ' Can indeed function in a T ^und,nt to 

IFNy in effecting Ig class switching. 

ADDITIONAL FUNCTIONS OF PROTEINS 
INVOLVED IN IFN RESPONSES 

JT^ ^P^^e, and it is reasonable to assume that they 

Th^vr , ^ "f™ 110 " ° f SH2 domains with "**ptor subunit phos 

photyrosme motifs clearly plays a major role in re^itment^m it iTmcras 
ngl^ 

honnone can be achieved with a receptor entirely lackingX phot S 
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«p.or family (S Rodig 4 R Schreiber, J^SS*!* WW ^ £ 

„ ru "^"K- That said, u has become increasingly clear te iust as jar. 

da« IdT? EVidenCe f0r ** C0 "" S froD > M> P™^ «socMon 
OSmTiuZT^ T?"- ** growth hormone, 1L-U, and 

JAK^f. U,c 1 ^ oa ' ,i ' ,n *i* She and Qrb2 (25S-260). Work 

with a JAK2-mtil cell line has established thai the phosphorylation of She ta 

mem lor cotransfected JAK2 to achieve MAP kiau^ activation in resnonse to 
tS," ' tnmf ^ s™* homtone receptor (262) Raf 

hv . , ( 2) - T^"* 01 *. JAK-depcndent MAP kinase activation 
by different cytokines or growth factors may occur through rt^^TZ 

iinea U /u.27l). IRS1 has been shown to cdmmunoprccipitate with 



«m ay. AOT I ncnAFCOTTCS \ 



650 615 4544; 



Mar -14- 03 3:56PM; 



Page 35/46 



HOW CELLS RESPOND TO INTERFERONS 253 

forms i"? f ,ky , 0f thC * ow * honnonc recc P tor to transduce the signal 
f^M^T ° n . 8amC rcgi0n ° f 11,6 ««P'or required for MK2 binTn J 
ctiv ^/AK-nuH ceil HneX cstabhshSttt 

ZTvL ? am, P hos P^tidylinositoI3'kinascbyIL-4,OSM andlFNs 
ZSSSEEX 'ZS ^ ^ WWk JAKl -null celh has^stab- 

ffifeffi r^llTf f f ^^^^^olicphosphoIipaseAaby 
iMMa (85). Data obtained with a kinase-negative derivative of MK l ™h mntl. 
reccprors have raised the possibility that fddiuonJ I MK S^^ZS 
may be required* th C antiviral responses toIFN K and IFNafs W2 7 TZZ 
n^ernostdctai^ 

^eERK^iAp C ^ Qn ^A\^ &i JAK1 is essential for the activation of Raftand 
It ffti^U T m - Rnally ' Sn »- nTO * al ^ve implicated JAkT 2 
and 3 n acuvanng the signal transducing adaptor molecule, wkich islnXd 
n both cmyc induction and cell growth in response to 1L-2 and GM CSF 



(275). 
STATs 



well-known function as inducible transcription factors. Three distinct observa- 
bonsrevea an,n^ mm 

sSca^wr^ m " " STAT, " nuU U3A ^ and becomes 
significant when STAT1 1S expressed from a transgene in U3A-R cells (83) 

11 1 « J r 0Wer 10 UM C6,,S than in U3A " R <* wiW-type cells, leading to 

? U3^cS^, ^""^ abscnt in U3A cel,s a " d * stored 
caswst fx^il Ct * un P ubMsh «i **a). The defects in 

caspase expression were corrected when U3A cells were complemented with 

s tab.hzed by $H2-phosphotyrosine interactions can be responsible (275a) A 

SI':: * f STAT1 is f <» *e constitute exp^on of 

some genes, either alone as monomers or, more likely, hi combination with 

ItTt I """f fUncUons - As noted abovc also Reference 75) 

fa^L ™* T T Wth *** 0thCT and Afferent uZSon 

factors pnmanly through the N-terminal domains, and STAT2 S 

N-termmal domain to bind to the IFNAR2c subuni of the ^or^STwe 
thus imagine that the N-terminal domain of STATl mav ™Jw \! u J- 

A recent report (49) reveals a KaBbkHng ro | e for STAT3 which uses it, <!H7 
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of Pho,^™^^^^ * *» Won 
•his activadon by IFNa/0 of an ■ ^ nrt,0,,a, «««|UMK«l of 

ciu^ Thai w ^^JTSA^SJ^rT 10 * 

alerts us to the possibility tha. qtat » 176 a,ten "»> v e functions 

n<* result soie,^ 

growth factors S ™ aCUVat,0n in res P° nse » cytoidnes or 

PKR 

of kB ri2l 277 77o\ £ "irougn KKK-mediatcd phosphorylation 

enable of p^SyS TbTZ^ MW i ' fc " ,i,iK, such - W 
vivo functa (280 ST reS,daoi "W^* 

STfT^^r^^^^ 
£«et^ 

ity (iNOS), „d aooworis m»« Hi • md , R "" es) ' ""Microbial activ- 

ducdoa of the i^no^obS 8 «J ^Sf?**?* **>■ 
probably ftrough acdvaTkTrf !Wl p 8 3) OT ^ 18 ">««««i by PKR, 

axamplc, Ca*>. At, imor.cS fof SkM S^Z^^' (f °' 
1»« does not appear to be ftmctionai sS? ^ T (284) 
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we odis, *£; ^ 23 S S rT-* ^ 6001 w » d - 

(A Deb* BRO w£^S£2!2f " "-'"*«'* 
In addition 10 mediating an importam antiviral acUvitv of pkr *» „h~ 

S fi ? 8 T?i °J 3 mUt3nt yeasI cIF * h not phosphorylated by PKR 
S? u u ,ndUC,1 ° n of tumor fonnation »>y mutant ttRwST <2tt 

with other cellular proteins involved in cell growth control. mieract,ons 

Z 0 ^™^ OF pkr in APOFfOSiS The mechanisms and signaling media- 
ton, that regulate vuus-induced apoptosis are not well undent TSfiZ 

th "jdea, overexpiessioToTPKRinfc 

pendent on Bc,2 and ICE (291,292). No^I levels of PKR ^Eft 
meujate an apoptotic response to different stimuli, including dsRNA For ex 

nSS^T- ap ° pt0SiS indUCCd by ^ (293 >- MEFs derived from 
PKR-null mice resist apoptotic cell death in response to dsRNA, TNFa or LPS 

or ikm (187). These results reveal an unexDected mi. f rtr pk-p ;„ ZJ- .• 
stress-induced apoptosis through regulation rtWll!*! " aKdlat " lg 

willS? " 8150 imP T aW in T ' cc11 Although thymocytes of 

ml^m.ceexpressrelativelyhighlevelsofPKR.mesizerf 

f»H ^ k F ! 15 Strong,y ,nduced in ^W-type cells by dsRNA LPS 

F^eceZ l^ l" n ° U ^ (187X ^ si « nals Educed by the 
J?*T?? d 5 pcnd on tne mentation of the ligand Fas L and are larceW 
restneted to a few cell types, such as activated cytotoxic T cJl, HoTevX 

Svedf^lS T' F&& antib0dy ** ■*■*"» the Fas receptor MEF* 
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and k U likely aJSS XT ^ MUnKa *» < 2M -*^ 

ranain to be carted Z ^* i "" K>Ugh MpennBKs » P">ve this poi„, 

Mate i and 2-5-4 Synthetase 

of IFNs AlthZh » iZl '. SyS,e "' l " s ^ inipN«led in the acMon 

during cell I del ^T^T ^ ^" , S " SpCC,ed ta invol ™ d 'nRNA decay 

enlaced .hyn™ ^ „ . J & SS,^ ^ 
from "^nncewe rere ,i st .„, toinduc ^ 

«*po™«, ami tor, plus acnnom d „ £j ^e^Tfi^Kf °" 

F , Mp P*-> a, nad, ADP-nbose, and tRNA f303--*m . ai, a 
final nucleotide added by 2-5A «mM m ' !v Also, the 

(302, 304). Recently 2 5 A «LkT T ^ be sometnin * than AMP 
by usi n 7GTpt!?J , ^ svn,hetase s ^e been used to make pppG2'p5'G 

function as inhibitor of RNasc L ntm £ ' * oh 8 oadcnylat « can 

n=N production, cell growth reou.*.;™ ™^ • • '"-plicated in 

IFN (100,309 310 S-faJS ™' UCtK>n ° f gene e *PK*sion by 

' 310) * ExpCnments usin « mice null for IRF family member 
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have recently complemented studies of transferrin .^ii 
provided a Jink to PKR. TRf] is essen iaTtr ™ i ^ and tave a,SO 
IFNy (31J), and PKR is i ♦ , ° USC ^ gene induction by 
absence of PKR IRFl dn a Sf? to P"*"** < 279 >- I" the 

1«^^S1J^ activity induced in response to WNy (or 

respond £j?2J RH n,T Howe 7'. Cenain phcnot ** s and ^ 

^eTap^^^ SUggeSdn8 ** Shared and 

of CD8+ T r Jc * e ' IRF1 " nul1 "nee exhibit reduced levels 

£ 1 L^P and 8 8 fai,Urc ° f ^ to ^Propriately up-regulate 
tne LMPi and TAP2 genes, essential for class I MHC function rm 

^ K^sssr «-r ^ o^e sXf 8 r b ; 

out unlike IRFl, PKR is not involved in the induction of ceil-cvcle 
W.I1 ams, unpublished data). The phenotype of ICSBP-null mice ra ivnwfeM 

FKR knockouts, 1CSBP has a unique role in regulating hematopoiesis. 

Vis« at Annual Rt^nn home pott at 



titerwure Cited 

1. Darnell JEJr. Keir IM. Stark GR. 1994. 
Science 264:1415-21 

2. Schmdler C, Darnell JE Jr. 1995. Annu. 
Rev. Biocnetn. 64:62 1-51 

3. LcvyDE L1995. Ytwtogy 6:181-89 
t£T^ I f Ung S, Li XX. Stark GR, 
1996. 10:1578-88 

° W 1998 ' S*cHL 
Wot 22: In press 

isssy 0 "' M 1991 mnds atML 

7. IMe JN. 1996. Cell 84:331-34 

9. Darnell JE Jr. 1998. Science 277:1630- 

10. Sen GC, Ransohoff RM. 1997. 7h«i- 
scnptunal Regulation in the Interferon 



Sgaem. Georgetown, TX; Landes Bio- 

1 ' • Bach E A, Aguet M, SchreiberRD. 1997. 
Annu. Rev, Immunol. 15:563-91 

12. Farrar MA. SchreiberRD. 1993. Annu. 
Rev. Immunol 11:571-61 1 

13. S^jrJoMellyRJ.KDtciAoS, Manano 
JH Cook JR, et al. 1994. Cell 76:793- 

14. Hemmi S. Bohni R, stark G. DiMarco 
F. ApetM. 1994. Cett 76:803-10 

^l A 6:3^KJl' C,aU996 ^ 
Kotenko sy, irotova LS, Pollack BP, 
Manano TM. Donnelly RJ, «t al. 1995 
/ Biol. Chcm. 270:20*13-21 
Sakatsurnc M ( Igarashi k, winwtock 



15 



16. 



17. 



«ot l ntnArtUTlC5 ] BSn ft1 S acaa . 

' 030 B15 45 44; Mar-14-03 3:58PM; 



Page 40/46 



258 STARK ETAL 



29. 
30. 
31. 

32. 
33. 

34. 
35. 

36. 

37. 

38 



Sk>/i C*"* 270.17528-34 
Kapl»n DH. Greenland AC. lannerJW 
Shaw AS Schnrfber RD. 19%T»2 
Cton. 271:9-12 

Fountoutakis M. 2ulauf M, Lusds A 
Greenlund AC, Schreiber RD, Goeddel 

Mtfttre 376:230-35 

Marstcrs S, Pennica D, Bach E 
Schmber RD, Ashkenazi A. l995./>n£ 
NatL Acad. ScL USA 92:5401-5 

J A R l 0 , 8m NC - Wnnuhn BA, 
^ a "'"8 P- Haipur AG, el aJ. 1996. 
£MB07. 15:799-^09 
Kotwiko SV, kotova LS, Pollack BP, 
MutiukumaranG, Paukku K, rt al. 19%. 
J. Biol. Chem. 271:17174-82 
Kohlhubcr P. Rogm NC, Watlina D. 

Oreenlund AC, Farrar MA, Viviaoo BL, 
fchrelberRD. 1994. flwjtfy. 13:1591- 

Igarashi K Garona G, Ozmen L, 
Z»«mieckl A. Wilks AF, « al. 1994. / 
Biol. Chem. 269.14333-36 
Creoilund AC, Morales MO, Viviano 
fiSc , H ' Kro'wski J, Schreiber RD. 
1995. immunity 2:677-87 

ST ^ OT ^ Slark OR, Darnell 
JE Jr. 1995. icfe/icc 267.1347-49 

n'mf C ^ l,nai K » P^oso VR. Dar- 
nell JE Jr. 1992. Science 257:809-13 
Mtuai K, Sehindler C, Prezioso VR 
Darnell JE Jr. 1992. Science 258*180? .' 

Jr. 1993. Science 261:1744-46 
SfcS? J' ^fe K - Tachib «» T, 

cS&SSo 8 z ' DarneI1 18 Jn 1993, 

David M, Feoicoin E 111, Benjamin C 
Pine R 7 Weber MJ r Laruer AC. 995 
e«ce 269:1721-23 

Perois A. Gupta S, Gollob KJ. Garfein 

huSSSt ^ 61 lL 199s - Wen « 

5? Szabo SI. Dighe AS, Ashke- 

SKmsST " l995 - 

Starr R, WlHson TA. Vmcy EM, Mur- 
3^7:917-21 ^ ' " * l " 7 ' Na,Un 



18. 
19. 
20. 
21. 
22. 
23- 
24. 
25. 
26. 
27. 
28. 



39 
40. 
41. 



42. 
43. 

44. 

45. 

46. 
47. 

48. 
49. 

50. 

51. 

52. 
53. 

54. 

55. 

56. 

57. 

58. 
59. 
60. 



Naka T, Narazaki M. Hirata M, Mat- 

\STv?\!SF*«P t ' Shcchan Kcp . 

£ f?.^* 0 ** a - cl al l996 - Ceil 
84:431-42 

Durbin JE Hackcnmlller r, simon MC, 
Levy DE. 1 996. Cell 84.443-50 

Porter ACG. Gewert DR, et al. 1997. 

MM/. A«irf. Stf. (/54 86-840-44 
Bluyssen HAR. Muzaffar R. Vliesttlra 

ISm?*" ^ 92: 

£°° k RF^"f ticr m < Tidwell RM, 
RoswitWT.HoltzmanMJ. 1997./ BtoL 
Chem. 270:30264-<57 

£ff»C» ,Wi«»rt>inJ,BenechPD. 1997. 
Mai. Cell BtoL 13:2182-02 
Perez C,Coeflier E. Morcau-Gachelm 

Rubinsttin M - 

Weffer LM, fiasu L, Pfeffcr SR, Yang 

OTrllffiw C ' 8l ' 1 " ? - 1 BM - Ck "* 
Lutfalla G, Holland $J, Cinato B, Mon- 
nemn D, Reboul I, « al. 1995. £M«£U 
14:5100-8 

Russen-Hanle D. Pu HF. Bens M. Har- 
knw RN. Perez 1ID. Croxe E. 1995 J 
««>/. Cftem. 270:26033-36 

M. 1995. Mo/. C<r/i «o/. 15:4208-14 
Colajnonici O, Yan H, Donwnskl j» 

Colamonici OR, Uyttemlaele H. Do- 
'z^ 1 !i Yan a Krolewski JJ. 1994. 
J. Biol Chem. 269:3518-22 

M^gensen KE, Fellow M. PellegriiS S. 
1996. 1 Biol. Chem. 271:20494-500 
e'rSS? S.John J, Shearer M, KerrlM 
SttrkGR. 1989.*fo/. Otf. m^oS 

VelazquezL, Mogenwn KB, Barbieri G, 
Fellous M, V& (5, Pelkgrinl S. 1995. J. 
Biol. Chem, 270:3327-34 

JJ. 1996. Oncogene 13:125-33 

1997.il/Dt Celt BktI. 17:2048-56 
Stancato LF, David M, Caner^Su C, 



»r ■ sot ttitTOreuncs; 



650 615 4544; 



Mar- 14-03 3:58PM; 



Page 41/46 



HOW CELLS RESPOND TO fN'IERFERONS 



259 



62. 



68. 



69. 



61 Kl 0»»tan«l AC, 

David M, Zhou OC. Pine R, Di«m JE 
Sjf '«* / AM S 

f.'TyP'^lH Stark OR. l#l.W 
CWi A©/. 11:4189-95 

^ade ACJ Leung $, S 
5645^49 ^ Acad to I'M 92: 

65. Harada H. Matsumoto M. Sato M 
Kasbiwazaki Y, Kimura T, et at 1996 
Genes Cells 1:995-1005 

66. ItoqueSJ.WillianisBRO. J994.7 Afo/ 
Gfam 269.19523-29 

sSrs* • * * ,9w mBo j- 

Imaro AMA Ackrill AM, Dale TC, Kerr 
70 - SA, Saldiu-GaHvieff M, Dar- 

71 s,?72^^ db - 1997 ^^ 

J2. ^ PfeS?* GR ' IM. Dar- 
6957^4 ^ tW/ - 16: 

pecker T,KovarikP,Meinke A. 1997.7. 
Sft? CW/iw 17.121-34 
?73$9457 ' l0ey T 1 
V^iw U, Cohen SL, Maarefi I. 

Guyer NB, Sevcrns CW, Won* P 

Porter ACG, Ouaiiajovsky Y Dale TT 

79. Zhang jj Vinkemeier U. Gu W 

1509?96 **** ScL m 93: 

«om» AE, Xu L, Koreus E. Brani G, 

M.^&RC A 'lSn? 
Bhaitacharya S.Bckncr R, Grossman S. 



72. 
73. 



74. 
75. 
76. 



77 



78. 



80 



81 



82 



83. 

84. 

85. 
86. 

87. 

88. 
89. 
90. 



91 

92, 

93. 
94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 
103, 



S , £^7 AranyZ ' eta, N«ure 
SSTitf' § ka » u «* M. David M. 

white MF.PlatairiasLC. 1905 / ntJ 
Chem. 270:15938^1 ' 

S°n^t* *°l m NC - Catling D, 

fe M -^4 S 3^ eftG - ,993 / 

m ^L? i JPP e "°a S- May L, Stebbins 
N. 1981. / K>t* 57:233-37 8 
loW M - ««Wnstein M, Pestka S. 
ivifl.AflcA. Btochim, Binphys. 210:319 

Foster GR, Rodrigues 0, Ghourc F 
Sc^lte-ProlUijxic^ Testa D, ei al! 

IO27I33 / *** ?W| *» 16: 

P«tka S Langer JA, Zoon KC, Samuel 
CB. 1987. Amu. Rev. Biochem. 56:727- 

fk^" 1 ^- Uddin S, Colamonici OR. 
1994. J. Biol Chem. 269:17761-64 
Abranwvich C, Shuiman LM, R atov it- 
ski E, Harroch S, Tovcy M et al 1904 
EMBOJ. 13:5871-77 
Platanias LC, Uddin S, Domanskl P 

Bu>L Chem. 271:33165-48 
Rani MRS. Poster GR, Lwng S, Lca- 
manD.^kGR,RaiwohoffRld. 1996. 
J. But. Chem, 271:22878-84 

^f*f a ««R»ii»'f,MiyainotoM.Kimu- 
5?729^9 fayama H M 81 1989, CeU 
Nelson N, Marks MS, Dricars PH 

YamagaiaT. Nishida J, Tanaka S, Sakai 
16:12K5' ^ 1996 - ^ C<// - 

ESte"^^ ?< McMahon M, 
Start GR. 1984. Cell 38:745- 

l^ner AC Chaudhurt A, Darnell JE Jr. 
19«U BloL Chem. 261 :453-59 

?! M ' ^JS 1 ^ PM, Finbloom DS. 
^ AC. 1993. Wa£ Ce//. 13 



650 615 4544; 



Mar-14-03 3:59PM; 



Page 42/46 



260 STARK ET AT. 



105. 
106. 



107. 



I Oft. 



109. 



m h.mt EMBOJ. 15:6262-68 
Jf**^ 4, DbvW M > *■""«■ AC, Fin- 

BRG. 1995. / 270:25709- 

a^'m^' 2*° God? S, Lamer 
gg*- BG. ,995. |« « 1U 

Jjao HY, Berrada K. Yan* WT, Tabriz! 
1 10. Petricoin EF ffl. David M, I«rashJ K 

1592. AM crft W< ,/. 12:4486-95 

112. Kimura T Kadokawa Y, Harada H, Mat- 

SS?AST H 

1 13. Isaacs A, Lindenmann J. 1957. Proc. R 
Soc. London Ser. B 147:258-67 
ran denBroek MF. Muller U, Huani S 

Vifcek J. Sen GC. 1996. In Fields 
™*p.«. BN Fields, DM Kiiipe) 
PM Howie* pp. 375w«)0. PhiladeiptK 
Lippincott-Raven.3ided. F 
116. Mo«E,ChongK.Galahn.J,Tho.nas 
J?l?5 rBtelaL l*90.C««62:379-90 
McMillan NAJ, Williams BRG 1996 In 
htnen Phosphorylation in Cell Grxmth 

141 C,emens - PP. 225.- 
iib ^•^"•"^woodAcad. 
118. Caipick BW, Graziano V, Schneider D 
Majtra^LeeX, WJUiaisBRO 1997 
/ 5to/. CAem. 272:9510-16 

JSrwB ^"S^* * KadereitS, Bar- 

mXK A Metabolism and Post.ltwtscri- 
X 1 ^^81 M » 28 J S 1 ^ 



125 

126, 



114. 



115. 



117. 



119 



120. 
121. 

122. 
123. 



124 



127. 

128. 

129. 

130. 
131. 
132. 
133. 

134. 

135. 
136. 

137. 
138. 
139. 
140. 

141, 

142. 
143. 

144. 
145. 
146. 

147. 



Royd-smith G, siattcry E. Lengyel P. 
1981.Scw«ce212:103<W2 
SUS 0 " 5 S«F hen *■ Vlscoun « T. Geib 1, 

Ojebadj J Bensch p, Hovanessiaa AG 
1991./ Biol. Chem. 266:15293^9 

& B 270:^ RH 1995 ^ W " 
Biol. Chem. 271:3979-81 

19187-92 C ^ m ' 272: 

Carroll SS, Cole JL, Viscount T, Geib J, 

P A C ' , Zhou AM * Swomayor C. 
?S297?3w ennanJlH " 1993 •° tto 

Diaz-Guena M Rfvas C. Eseebar. M. 
1997. Virology 227:220-28 
2hou A. Paranjape I, Brown TL, Nie H. 
Naik S. et aJ. 1997. EMBO J. 16:6355- 

WMwwe> S. Zhou a, Silverman RH 
I300U Cfli &/> USA % ' 

CWnoNM, Li GY. Xiao W, TbmsncePF. 

93?678o55 '** 1/54 

Orawa T, Hon T, Ishida I. 1996. Not 
BwiechnoL 14:1566-69 
^^MA 1995. Am. J. R esp ir. 
CrU. Cart Med. 152:S67-S71 
Andiener H, ftcsc M. Kambadur R, 
Meier E, Haller 0. 1996. Curr. Tbp. Mi- 
crobial Immunol. 206:119-47 

Caimlli R 1995. Nature 374:186-90 



' bb ° 615 4544 » Mar-14-03 3:59PM; 



Page 43/46 



HOW CELLS RESPOND TO INTERFERONS 



261 



,48 ' 374:!K ,Sch,nidSl " mS Nan "* 

149. NatoyaiTwM.YarakiK.KusanoA.Na. 
Mtt K Hanai N. Ishihama A. 1993 U. 

lfrt fwi Chem. 265:15033-38 

150. fetter MR Schwemmle M. Herrmann 
C. Wltttnghofer A, Staeheli P. 199™ 
AM Owm. 270:13512-17 

151. PontenA,SickC,WeeberM,HallcrO 

152. Ilalfcr O, Frcsc M. Rost D, Nulla) PA 

a 1993.^^4:2596-3)! 
f«W J-J Schneider-Schauiics S, 

SSSfS? 0 ^ . Pav . ,ovit J - Horis - 

J«|«MA.ierMeolcti V. 1993.7. Viml. 

154 * R ; MJtochs G, Haller 0. 

1995. Urology 211:295-301 

I56 ' & B 5J?? T ' Ba ««j« AK. 
,„ £996. Virology 220:330-38 

157. FreseHKochs Q, Meier-Dieter U.Sit- 
bler J,HallerO. 1995./ Viml. 69:3904 

158. «t«siF,BlankA,SchfXKfcrA.Schwar2 

'.^Jj' Schweminle M. 1993. / Vi- 
rol. 67:6726-32 

159 - ^T" 18 M ' We "» n 8 KC, Richter 
MF, Schumacher B, Staeheli P. 1995. W- 
rofogy 206:545-54 

160. Stranden AM, Staeheli P. Pavlovic J 
1993. Virology 197:642-51 

161. Pavlovic J. Haller O, Staeheli P. 1992. / 
virvi. 66:2564 69 

,62 38?it21 ,ith G '' J988 ' CM Bl<Khem - 
163. Stadieli P Horisberger MA. Haller O. 
1984. Virology 132:456-61 

f^an C, Duarte C, MacMicking JJ>. 
1993. Scienc* 261 .1445-48 
165. Alber D, Staeheli P. 1996. / Interferon 
Cytokine Res. 16:375-80 
BasingaM.I 992. Sconce 258:1730-31 

Barry M, Macen J, et al, 1995. / Leuko- 
cyte Bud. 57:731-38 
169. MoorcPS Boshoff C. Weiss RA, Chang 
.7o p.^,**™* 274:1739-44 8 

tfiSl-n- 1996 - Curn 0pin - lnumnoL 

171. dyley Pi, Knight M, Kerr IM. 1982 

5to^y f . ComZu IS 

172. Bisb<UC,ManinamIC.SiIholM,Ubleu 



173. Kiajewski Schneider RJ, Safer B 

175. Clarke PA, Schwemmle M. Schikinger 

J^iSsa* 1991 Nuc,eic 

176. SwanMnaihan S, Honeycut BS, Reiss 
177 ^• 1 f i f I £, 992--/ Wml. 66:5133-36 

177. Imam F. Jacobs BL. 1988. fnx. Natl. 
17J) W5c££/W 85:7887-91 

178. Beanie E, Hauler KL, TWlla J 

Isaacs**^ 25,4 

179. Roy S. Katze MG. Parkin NT, Edery I, 
Hovanessian AG. Sonenbcrg N. 1990 
Science 247:1216-20 

180. McMiUaaNA,ChunRF,SiderovskiDP, 
Galabni J, Toone WM. et al. 1995. M- 
"rfogy 213:413-24 

181. Gale MI Jr, Korth MJ. 'Iang NM, Tail 

W2$W " ^ V,wtogy 

I82< f^Mk B ' "<>«n«sian AO, 
Km» MG. 1989. / VtroL 634244-51 

183. Dubois MF, Hovanessian AO. 1990 W- 
mlogy 179:591-98 

184. Melville MW. Hansen WJ. Freeman BC 
Welch WJ, KatzeMG. 1997. Proc. Naii 
Acad. Set USA 94:97-102 

185. Swaminathan S, Rajan P, Savinova O, 

2^32l'™ mm:,P,,yaB 1996, Vimhgy 

lM ' SAOS-l/^ TC 199X CWK 3U>L 

187. CNsrSE ^Yaj.gY-L.WcissniannC.Wili- 

188. Ray CA, Black R A, R«>„heim SR. 

Cr69^^4 SleMhPR>etfl1 - 1992 - 

189. Thome M. Schneider P. Hofmana K 
FtckenscherftMeinlE, etal. 1997. Na'. 
lure 386:517-21 

190. Henderson S, Huen D, Rowe M, Daw- 
«w» C, Johnson O, Rickinson A. 1993 

ioi fift^ U J cad - ScL USA 90:8479-83 
V$.~ N ' Pine B. Levy D, Darnell JE 
1988./ Virvl 62:114-19 

192 w Ckri /, 1 ^ M »o Foster OR - Laxton CD, 
Havell DM Stark GR, Km IM. 1991 
Nucleic Acids Res. 19:4387-93 

194. Perea SE Lopez-Ocejo O, Von Gabain 
Jj^Ma MDJ. 1997. /nr. / Oncol. 11: 

,95 feM CamiA ' Sml,,,GL - 1995 - 



650 615 4544 j 



Mar-14-03 4:00PM; 



Page 44/46 



262 STARK ETAI. 



196. StuartAD ^StewanAP.AirandJR.Mac. 
S c S? 1J 5. Re "»«CUii > BefjssiH Cohen 

■>nn i. 996 *^ 88:3926-36 

IP""" *• Atlas I. 1992. />«r. Natl 
7m i Cad - S f- m 89:6599-603 

201. Resojteky D Tiefenbnin N, Berissi H 

202. Mdaroed D. Tiefenbnin N, Yarden A 

5255^65 im M ° L Cek ** L l * 

203. Tiefcnbnjn N, Melained D, Levy N 

Z^™ 1 **! 16:3934-44 

207 j ?? c ?5 ew 14:1 '65-70 

K»3 P der /V' * fck ^ ai » * *** A. 
?na d • n*^ 1 /m8MU «* 23:544 51 

Carracedo J. 1996. Leukemia 10:1782- 

209. Buschle M, Campana d. Carting SR 
f^l ar ? £ H °W™K» AV f Breencr lSffi" 

?.n i, 993 ,/- ^^177:2 ; J-18 

210. Novell, F K Pierro F, di Celle PF, 
Metlini S, Affaticab P, « al. 1994 j r m 

•S&iSg" Li ■ * 1997 ' Natu ™ 

, n £\« al ; 1997. Science 275:206-9 

S»7 LP 20 KilnCW A> ,99 ^«"« 

2I4 ' T * *i fhS^i* Ba ycwiteh M, Raven 
X Khaspckov G, Kiichi A. 1995 / 

Own. 27027932-36 

215. Femstan E, Kimchi A, Wallach D 
BoldmM, VaifblomeevF: 1995 Trendl 
BuKhan. ScL 20 342-44 

216. Deis LP Gaiinka H , „ c 
O. Kmwhl A. 1996. flltfO / 

217. Levy-SwuHpf N , DeJ ss lp, „ 
g"* * '997. kUL CASTS. 

219. Kis.il JL. Feinstein fi, Cohen O. Jones 



$403*7 YC * * mi - 0r ™*<»* 

tX*&&it m *'«' L 1997 ^ : 

220 OLutfalla G, Mogensen KE. 1995 
„. JjMt&mnKes. 15:3^26 lu: iyvy 

221. Boeto u . KJajnDT.GrootM. Howard 

1 W7. Aww. fcv. Immunol 15:749- 

222. Reis LFL. Harada H, Wolchok JD 

SSK& ' Vllcek 1 mi - 

m &*Ma 

225. Mond JJ, Carman J, Sanna C. Ohara 

226. York IA. RockKL. 1996. Awui. Reu >m 
munot. 14:369-96 * 




^ma EggeraM.Keuhn 
L, Dick IT, et al. 1996. Natutt 381 :166- 

229 " j ' H8 . nson J « l. 

>a S^^3r D,i - ,992 / 

Se ^ 2S7 A 4? U,1 * yIal:,993 • & •'• 

3:657-66 W 
235. Resch ffiA Hess JH, Huang S. Aguet 

236 ' ggjjjjj 0 - J 995. Ai,«,. ^ 

t^terU, Murphy KM. S93 ugL$ 

239. Gajewski TF, Fftd, FW. 1988. / /«- 

?art TT L ^ ;4245 - 5 2 

240. Adams DO, Hamilton TA. 1984. Annu. 
Rev. Immunol. 2:283-3! 8 



650 615 4544; 



Mar-14-03 4:00PM; 



Page 45/46 



HOW CELLS RESPOND TO INTERFERONS 263 



241. Bnchmeier NA, Schreiber RD 1985 
245 X* l rarf - U&i 82:7404-8 * 

242. DahonDK.P.n S -MeekS,K«havS.Fi. 

243. Huang S. Hendriks W, Altiiage a 
Hemmi S. filucthmann U, et al 1993' 
Sctmc* 259:1742-45 J " 

244. Newport MJ, Huxley CM, Huston S 

CM. oWba if J 
996. N. En S l. / Med 335:194M9 

245. Jotianguy E. Altare F, Lamhanwii S 

246. KJebanoff SJ. 1992. In Inflammation: 
Basic Pnncipies and Clinical Com- 

247. Mocking J, Xic Q-W. Nathan C. 
■m« i ^ Imm uwi. 15.323-50 

248. Snapper CM, Peschel C, Paul WE. 1988 
/ /mm«no/. 140:2121-27 

249. Snapper CM. JfcW TM, Mandler 
Voc» Pi* ^ F "«keiman ED, et al. 

?so i m j ^P : Med 175:1367-71 

251. Finkelman ED, Svetic A, Grosser 1, 



252 5fia^ w, ' i995j ' 

S%K K,aH ' etaU997 ^- 

254 ' M^J^ 0 "?," B « s 'l v «noinen O, 
$$V, L $ 1 ? 0IS,cd, °- Morel G. 
IV96. bndocnnolopy 137:4037-45 

255. ConwayG, MargoltathA, Wongmadden 
J W. Gilbert W. 1997^ 

■><* » WA Sci - USA 94:3082-87 

^271f79» ,L ' Cta, • I ^ ^d • 
257. Nwaka J, van Deurscn JM, TripD Ra 

ThjerfeWer WE, Witthuhn BaT ec A 
„ 0 1995. 5cfewe 270:800-2 

St , G - S^warc- j. Caite^Su C 
7« i, EndocnnoL 10:519-33 

K'v^ FcD S OS Mar- 
shall MS, Yang Y-C. 1995. Blood 86: 

260. Chauhan p KhaAanda SM, Ogaia A, 
UrashuraM FrankD.etal. 1W5^e£ 
Med. 182:1801-6 y 

261. Han YL, Leaman DW, WeUina D 

262 ' 6T66Ml LA,HUnte,T19W C ''«^. 



itX.1 y c*^- CA '^ 272:1032-37 
ellli^f M - Colamoruci OR, 

265< ^ n S C»«0A. Alsayed Y. Pons S, 
Colaraonwi OR, et al. 1997. Biochtm 
->t« te* 1 G»»wt 235:83-88 

267. panial NN, Pernls A , Rothman PB. 
9« im J' H Unce 269:1875-77 

268. Uddin S,Gaid2iolaC,DaiteatA Yi T 
WatamasLC. 1996.«cc*S L&J2i' 

_ ^1. Comma* 225:833-38 ^ 
te n ^ n DW - parody S. Flickinger 
iw. Comma ne MA, Schlessinepr 1 
« al. 1996. WftftffK 

271 i? 95 ^ 270:14685-92 C ' 

!£i£ss *° ,997 - *— * 

274. Novick D, Cohen B, Kim HS, Levy Y 
RutansteinM. 1996. Eur. Cytokine Nety^. 

nuEndoK. el a|. 1997. Immunity 6:449- 
2"r630^3l* StarkGR - ,997 & ^ ; 

m ' m-202 BRG ' 1995 ' &m,>t Ww/ - 6: 
277 ' {°S?£ A * ] IS3 ue J ' L "»w J. Ifiscott 

J, WIlhamsBR. 1994. Prvc, Natl Acad. 
SS^A' Wailra RK, Kumar A. Dong 

279 " ^ Y-L, FlaU V, Der S, 

KadereitS, etal. IWl.EhtBOl 16:406- 

280. DiDonaio JA^ Hayakawa M, Rothwarf 

3%48- D f3 E ' Kari0M,997 A,a ' < - 
281- Regmcr CH Song HY, G30 X. Goeddd 
DV,CaoZ.RotheM. 1997. Ce//9W^U 

Hagan MK, Shaw R, et al. 1995. Eur. j 
M , a***™ 232:28-36 

T^h^SJ' Sonenbeij N. 1995 
/ BioL Chem. 270:25426-34 



650 615 4544; 



Mar-14-03 4:01PM; 



Page 46/46 



264 STARK ETAL 



284. Wmg AH-T, Tain NWN, Yana Y.r 

AM Pew L, « al. 1993. P«,c /fat 

few? ^ R< * S - B »««r GN 

S?f68£«9 0nCnbCrg * 1991 
289. Meu^GalahruJ. Barter GN.Katze 

MO HovancRsian AG. 1993. Pw. X/ 
2on 5 e 2*iSL C '* 1 W:232-36 

f^o 0 ^ Wam **h M, Thompson S 

291 ' 49i JJ' EstebimM »»«■ »*» 199: 

291 C.W l ?! , W ,Dl!| M» 

294 S»^^/ t/ ' M93:l245, -55 
v^ a Matsumufa M, Oba Y 
RSPft 1 . J»ia»« X Nakarixhi { 

295. Tateaws , T , Ohashi K, NaJcanishi Y. 

296. Stark GR, Do wer WJ Schimke ^ 

E»J ^ IM, Stark GR. 

?oo ii&PiPnclian- 136:136-41 
299. Ilsoo DH, Torrcncc PF, Vj/^Tj 1986 

Interferon Res. 6:S-\2 ^ 

3W. « t >^ianAG,SvabJ,Mar1ei.R 0bert 
N. Chanaret S, Laurent AG. 1988 / 
BtoL Chem. 263:4945^9 

302. Mane I, Blajtco J, Rebouillat D, Ho- 



303. Ball LA, While CN. 1979 Reiula. 

^DWchter.pp.30.1-,7.NewYork: 

m FW>us D, Thano mn. 1980. 

gPC. Mw/. Acad. Scl. uSt 77:4618- 

306. Justesen J. Worm-Leonhard H, Fprbus 

Jusicscq J. 1997. FEBS Utt. 408:177- 

308. Caylev pj, Davies JA. McCullagh KG 

!^74 1984 1 *SK 

309. Mmsuvsma T Gru SSIM n A Mittruckw 
HW, SKtetovski DP, Kiefer F, « 3 |. 1995 

tin c^E/*^** 23:2127^36 

310. Eiseobos CF, Singh H, Stort U. 1995 
OiMfOnt 9:137^87 

311. fnkeDy,RuirnerH.SchulbU r SchwaR 

75S7 ,Kawakami T ' etah W. 



313. Rcis LP, RuBm, H, Start G) Aguet M 



n. Kets LF, er aJ. 1996. Immunity 4365- 
315. LohofT M Feirick D, Mittrucker HW, 

317 fc M ' 2 ^J^^^6^673-79 

Bosland m, Gerecitano J, et aJ. 1994 
11 a 263:1612-15 W " 

3^s59 OBhileta '- ^ Nature 

GwseN,etal. 1996. Cell 87:307-17 



i *1 

letters to nature 



9. 
10. 
11. 
12. 
13. 

14. 

15. 

16. 

17. 

18. 

19. 
20. 
21. 
22. 
23. 
24 



ogy), respectively. Staining specificity was controlled by single staining, as well as by using 
secondary antibodies in the absence of the primary stain. 

Generation of target cells 

Target cells displaying a membrane-integral version of either wild-type HEL or a mutant 10 
exhibiting reduced affinity for HyHELlO ([R 2 \ D ,0 \ G ,0 \ N ,03 J designated Ha*) were 
generated by transfecting mouse J558L plasmacytoma cells with constructs analogous to 
thoseused for expression of soluble HEL/HEL*, except that 14Ser/Glycodons,theH2K b 
transmembrane region, and a 23-codon cytoplasmic domain were inserted immediately 
upstream of the termination codon by polymerase chain reaction. For mHEL-GFP we 
included the EGFP coding domain in the Ser/Gly linker. Abundance of surface HEL was 
monitored by flow cytometry and radiolabelled-antibody binding using HyHELS and 
□1.3 HEL-specific monoclonal antibodies, for which the mutant HELs used in this work 
show unaltered affinities' 0 . 

Interaction assays 

For B-cell/target interaction assays, splenic B cells from 3-83 or MD4 transgenic mice*" 
carrying (IgM + IgD) BCRs specific for HEL or H2K k /H2K b were freshly purified on 
Lympholyte and incubated with a twofold excess of target cells in RPMI, 50 mM HEPES 
pH 7.4, for the appropriate time at 37 °C before being applied to polyiysine-coated slides. 
CeUs were fixed m 4% paraformaidehyde/PBS or methanol and permeabilized with PBS/ 
0 1% Triton X-100 before immunofluorescence. We acquired confocal images using a 
Nikon E8M microscope attached to BioRad Radiance Plus scanning system equipped with 

? I'*™* a 543 " nm IaSCrS ' 35 WCU 25 differemial interference contrast for transmitted 
nght. GFP fluorescence in living cells in real time was visualized using a Radiance 2000 and 
?? E ?°° inverted micr oscope. Images were processed using BioRad Lasersharp 1024 or 
2000 software to provide single plane images, confocal projections or slicing. 

Antigen presentation 

Presentation of HEL epitopes to T-cell hybridomas 2G7 (specific for I-E k [HEL 1-18 ]) and 
1E5 (specific for I-E [HEL n< ]) by transfectants of the LK35.2 B-cell hybridoma 
expressing an HEL-specific IgM BCR was monitored as described 10 . 
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interference (RNAi) is the process of sequence-specific, 
post-transcriptional gene silencing in animals and plants, 
initiated by double-stranded RNA (dsRNA) that is homologous 
in sequence to the silenced gene'^. The mediators of sequence- 
specific messenger RNA degradation are 21- and 22-nudeotide 
small interfering RNAs (siRNAs) generated by ribonudease III 

S - 1<>n8er t*™^-'- Here we show that 21-nudeo- 
tide siRNA duplexes specifically suppress expression of endo- 
genous and heterologous genes in different mammalian cell 
lines, induding human embryonic kidney (293) and HeLa 
cells. Therefore, 21-nudeotide siRNA duplexes provide a new 
tool for studying gene function in mammalian cells and may 
eventually he used as gene-specific therapeutics. 

Uptake of dsRNA by insect cell lines has previously been shown to 
knock-down the expression of specific proteins, owing to 
sequence-specific, dsRNA-mediated mRNA degradation*' 0 "' 2 
However, it has not been possible to detect potent and specific 
KMA interference in commonly used mammalian cell culture 
systems, including 293 (human embryonic kidney), NIH/3T3 
™~,t blast) : BHK-21 (Syrian baby hamster kidney), and 
LHO-K1 (Chinese hamster ovary) cells, applying dsRNA that varies 
38 aBd l > 662 ba * P^rs (bp) 1 *' 2 . This apparent lack 
ot RNAi in mammalian cell culture was unexpected, because RNAi 
exists in mouse oocytes and early embryos' 3 '", and because RNAi- 
related, transgene-mediated co-suppression was also observed in 
cultured Rat-1 fibroblasts 15 . But it is known that dsRNA in the 
cytoplasm of mammalian cells can trigger profound physiological 
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reactions that lead to the induction of interferon synthesis' 6 . In 
the interferon response, dsRNA > 30 bp binds and activates the 
protein kinase PKR 17 and 2' > 5'-oligoadenyiate synthetase (2\5'- 
AS) . Activated PKR stalls translation by phosphorylation of the 
translation initiation factors eIF2ar, and activated 2',5'-AS causes 
mRNA degradation by 2' > 5'-ohgoadenylate-activated ribonuclease 
L. These responses are intrinsically sequence-nonspecific to the 
inducing dsRNA. 

f Base-paired 21- and 22-nucleotide (nt) siRNAs with overhanging 
3 ends mediate efficient sequence-specific mRNA degradation in 
lysates prepared from Drosophila embryos 9 . To test whether siRNAs 
are also capable of mediating RNAi in cell culture, we synthesized 
21-nt siRNA duplexes with symmetric 2-nt 3' overhangs directed 
against reporter genes coding for sea pansy (Renilla reniformis, RL) 
and two sequence variants of firefly (Photinus pyralis, GL2 and GL3) 
luciferases (Fig. la, b). The siRNA duplexes were co-transfected 
with the reporter plasmid combinations pGL2/pRL or pGL3/pRL 
into Drosophila S2 cells or mammalian cells using cationic lipo- 
somes. Luciferase activities were determined 20 h after transfection 
In Drosophila S2 cells (Fig. 2a and b), the specific inhibition of 
luciferases was complete and similar to results previously obtained 
for longer dsRNAs 6,10,12,19 . In mammalian cells, where the reporter 
genes were 50- to 100-fold more strongly expressed, the specific 
suppression was less complete (Fig. 2c-j). In NIH/3T3, monkey 
COS-7 and Hela S3 cells (Fig. 2c-h), GL2 expression was reduced 3- 
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figure 1 Reporter constructs and siRNA duplexes, a, The firefly (P/Muc) and sea pansy 
(ffMuc) luciferase reporter-gene regions from plasmids pGL2-Control, pGL3-Control, and 
pRL-TK (Promega) are illustrated; simian virus 40 (SV40) promoter (prom )• SV40 ' 
enhancer element (enh.); SV40 late polyadenylation signal (poly(A)); herpes simplex virus 
(HSV) thymidine kinase promoter, and two introns (lines) are indicated. The sequence of 
GL3 luciferase is 95% identical to GL2, but RL is completely unrelated to both. Luciferase 
expression from pGL2 is approximately 10-fold lower than from pGL3 in transfected 
mammalian cells. The region targeted by the siRNA duplexes is indicated as black bar 
below the coding region of the luciferase genes, b, The sense (top) and antisense (bottom) 
sequences of the siRNA duplexes targeting GL2, GL3, and RL luciferase are shown The 
GL2 and GL3 siRNA duplexes differ by only three single-nucleotide substitutions (boxed in 
grey). As nonspecific control, a duplex with the inverted GL2 sequence, invGL2 was 
synthesized. The 2-nucleotide 3' overhang of 2'-deoxythymidine is indicated as TP uGL2 
is similar to GL2 siRNA but contains ribo-uridine 3' overhangs. 
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to 12-fold, GL3 expression 9- to 25-fold, and RL expression 2- to 3- 
told in response to the cognate siRNAs. For 293 cells, targeting of 
Iuc ^rase by RL siRNAs was ineffective, although GL2 and GL3 
targets responded specifically (Fig. 2i and j). The lack of reduction of 
RL expression in 293 cells may be because of its expression, 5- to 20- 
fold higher than any other mammalian cell line tested and/or to 
limited accessibility of the target sequence due to RNA secondary 
structure or associated proteins. Nevertheless, specific targeting of 
GL2 and GL3 luciferase by the cognate siRNA duplexes indicated 
that RNAi is also functioning in 293 cells. 

The 2-nucleotide 3' overhang in all siRNA duplexes was com- 
posed of (2 -deoxy) thymidine, except for uGL2, which contained 
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Figure 2 RNA interference by siRNA duplexes. Ratios of target to control luciferase were 
normalized to a buffer control {Bu, black bars); grey bars indicate ratios of Photinus pyralis 
(Pp-\uc) GL2 or GL3 luciferase to Renilla reniformis (/fr-luc) RL luciferase (left axis) white 
bars indicate RL to GL2 or GL3 ratios (right axis), a, c, e, g and i, Experiments performed 
with the combination of pGL2-Contro! and pRL-TK reporter plasmids; b, d, f, h and j 
expenments performed with the combination of pGL3-Control and pRL-TK reporter ' 
plasmids. The cell line used for the interference experiment is indicated at the top of each 
plot. The ratios of />luc//Nuc for the buffer control (Bu) varied between 0.5 and 1 0 for 
pGL2/pRI_ and between 0.03 and 1 for pGL3/pRL, respectively, before normalization and 
between the various cell lines tested. Tne plotted data were averaged from three 
independent experiments ± s.d. 
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uridine residues. The thymidine overhang was chosen because it 
reduces costs of RNA synthesis and may enhance nuclease resistance 
of siRNAs in the cell culture medium and within transfected cells. As 
in the Drosophila in vitro system (data not shown), substitution of 
undine by thymidine in the 3' overhang was well tolerated in 
cultured mammalian cells (Fig. 2a, c, e, g and i), and the sequence 
of the overhang appears not to contribute to target recognition 9 . 

In co-transfection experiments, 25 nM siRNA duplexes were 
used (Figs 2 and 3; concentration is in respect to the final volume 
of tissue culture medium). Increasing the siRNA concentration to 
100 nM did not enhance the specific silencing effects, but started 
to affect transfection efficiencies, perhaps due to competition for 
liposome encapsulation between plasmid DNA and siRNA (data 
not shown). Decreasing the siRNA concentration to 1.5 nM did 
not reduce the specific silencing effect (data not shown), even 
though the siRNAs were now only 2- to 20-fold more concen- 
trated than the DNA plasmids; the silencing effect only vanishes 
completely if the siRNA concentration was dropped below 
0.05 nM. This indicates that siRNAs are extraordinarily powerful 
reagents for mediating gene silencing, and that siRNAs are 
effective at concentrations that are several orders of magnitude 
below the concentrations applied in conventional antisense or 
nbozyme gene-targeting experiments 20 . 

To monitor the effect of longer dsRNAs on mammalian cells, 50- 
and 500-bp dsRNAs that are cognate to the reporter genes were 
prepared. As a control for nonspecific inhibition, dsRNAs from 
humanized GFP (hG) 21 was used. In these experiments, the reporter 
plasmids were co-transfected with either 0.21 jxg siRNA duplexes or 
0.21 u.g longer dsRNAs. The siRNA duplexes only reduced the 
expression of their cognate reporter gene, while the longer 
dsRNAs strongly and nonspecifically reduced reporter-gene expres- 
sion. The effects are illustrated for HeLa S3 cells as a representative 
example (Fig. 3a and b). The absolute luciferase activities were 
decreased nonspecifically 10- to 20-fold by 50-bp dsRNA, and 20- to 
200-fold by 500-bp dsRNA co-transfection, respectively. Similar 
nonspecific effects were observed for COS-7 and NIH/3T3 cells. For 
293 cells, a 10- to 20-fold nonspecific reduction was observed only 
for 500-bp dsRNAs. Nonspecific reduction in reporter-gene expres- 
sion by dsRNA > 30 bp was expected as part of the interferon 
response . Interestingly, superimposed on the nonspecific inter- 
feron response, we detect additional sequence-specific, dsRNA- 
mediated silencing. The sequence-specific silencing effect of long 
dsRNAs, however, became apparent only when the relative reporter- 
gene activities were normalized to the hG dsRNA controls (Fig. 3c) 
Sequence-specific silencing by 50- or 500-bp dsRNAs reduced the 
targeted reporter-gene expression by an additional 2- to 5-fold 
Similar effects were also detected in the other three mammalian cell 
lines tested (data not shown). Specific silencing effects with dsRNAs 
(356-1,662 bp) were previously reported in CHO-K1 cells, but the 
amounts of dsRNA required to detect a 2- to 4-fold specific 
reduction were about 20-fold higher than in our experiments 12 . 
Also, CHO-K1 cells appear to be deficient in the interferon 
response. In another report, 293, NIH/3T3 and BHK-21 cells were 
tested for RNAi using luciferase/0-galactosidase (lacZ) reporter 
combinations and 829-bp specific lacZ or 717-bp nonspecific 
green fluorescent protein (GFP) dsRNA 10 . The lack of detected 
RNAi in this case may be due to the less sensitive luciferase/lacZ 
reporter assay and the length differences of target and control 
dsRNA. Taken together, our results indicate that RNAi is active in 
mammalian cells, but that the silencing effect is difficult to detect if 
the interferon system is activated by dsRNA > 30 bp. 

To test for silencing of endogenous genes, we chose four genes 
coding for cytoskeletal proteins: lamin A/C, lamin Bl, nuclear 
mitotic apparatus protein (NuMA) and vimentin 27 . The selection 
was based on the availability of antibodies needed to quantitate the 
silencing effect. Silencing was monitored 40 to 45 h after transfec- 
tion to allow for turnover of the protein of the targeted genes. As 



shown in Fig. 4, the expression of lamin A/C was specifically 
reduced by the cognate siRNA duplex (Fig. 4a), but not when 
nonspecific siRNA directed against firefly luciferase (Fig. 4b) or 
buffer (Fig. 4c) was used. The expression of a non-targeted gene, 
NuMA, was unaffected in all treated cells (Fig. 4d-f), demonstrat- 
ing the integrity of the targeted cells. The reduction in lamin A/C 
protons was more than 90% complete as quantified by western 
blotting (Fig. 4j, k). We note that lamin A/C 'knock-out' mice are 
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figure 3 Effects of 21 -nucleotide siRNAs, 50-bp, and 500-bp dsRNAs on luciferase 
expression in HeU cells. The exact length of the long dsRNAs in base pairs is indicated 
below the bars. Experiments were performed with p6L2-Control and pRL-TK reporter 
plasmids. The data were averaged from two independent experiments ±sd a Absolute 
Wuc expression, plotted in arbitrary luminescence units (a.u.). b. ffMuc expression 
plotted in arbitrary luminescence units, c, Ratios of normalized target to control luciferase 
The ratios of luciferase activity for siRNA duplexes were normalized to a buffer control (Bu * 
black bars); the luminescence ratios for 50- or 500-bp dsRNAs were normalized to the 
respective ratios observed for 50- and 500-bp dsRNAs from humanized GFP {hG black 
bars). We note that the overall differences in sequence between the 49- and 484-bp GL2 
and GL3 dsRNAs are not sufficient to confer specificity for targeting GL2 and GL3 targets 
(43-nucleotide uninterrupted identity in 49-bp segment, 239-nucleotide longest 
uninterrupted identity in 484-bp segment) 30 
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viable for a few weeks after birth 23 and that the lamin A/C knock- 
down in cultured cells was not expected to cause cell death. Lamin A 
and C are produced by alternative splicing in the 3' region and 

% e PT ^T^ T 31 am0Unts in * e lamina of mammalian cells 
i, t! j> i" Transfection of siRNA duplexes targeting lamin Bl and 
NuMA reduced the expression of these proteins to low levels (data 
not shown), but we were not able to observe a reduction in vimentin 
expression. This could be due to the high abundance of vimentin in 
the cells (several per cent of total cell mass) or because the siRNA 
sequence chosen was not optimal for targeting of vimentin 

The mechanism of the 21-nudeotide siRNA-mediated interfer- 
ence process in mammalian cells remains to be uncovered, and 
sdencmg might occur post-transcriptionally and/or transcription- 
ally. In Drosophila lysate, siRNA duplexes mediate post-transcrip- 
r°n^l? e f e " cm S h Y ^constitution of siRNA-protein complexes 
(siRNPs), which guide mRNA recognition and targeted cleavage 6 ' 7 ' 9 
In plants, dsRNA-mediated post-transcriptional silencing has also 
been linked to DNA methylation, which may also be directed by 2 1- 
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SiRNA 




vimentin 



figure 4 Silencing of nuclear envelope proteins lamin A/C in HeLa cells Triple 
fluorescence staining of cells transfected with lamin /VC siRNA duplex (a, d g) with GL2 
luciferase siRNA duplex (nonspecific siRNA control) (b, e, h), and with buffer only (c f i) 
a-c, Staining with lamin A/C specific antibody; d-f, staining with NuMA-specific 
antibody; g-i, Hoechst staining of nuclear chromatin. Bright fluorescent nuclei in a 
represent untransfected cells, j, k, Western blots of transfected cells using lamin A/C- (j) 
or vimentjn-specrfic (k) antibodies. The Western blot was stripped and re-probed with 
vimentin antibody to check for equal loading of total protein. 
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nucleotide siRNAs". Methylation of promoter regions can lead to 
txanscnphonal silencing 25 , but methylation in coding sequences 
does not 26 . DNA methylation and transcriptional sUendng £ 
STS r W t d0 J cumented Processes 22 , yet their mechanisms 
have not been linked to that of post-transcriptional silencing 
Methylation in mammals is predominantly directed towards CpG 
^nucleotide sequences. There is no CpG sequence in the RL or 
lamin A/C siRNA, although both siRNAs mediate specific silencing i 
m mammalian cell culture, so it is unlikely that DNA methylation is 
essential for the silencing process. 
Thus we have shown, for the first time, siRNA-mediated gene 

PM?! U ? J mammalian CeUs - 1,16 use °f oogenous 21-nucleotide 
siRNAs holds great promise for analysis of gene function in human 
cell cukure and the development of gene-specific therapeutics. It 
will also be of interest in understanding the potential role 
^endogenous s.RNAs in the regulation of mammalian gene 

Methods 

RNA preparation 

LTl°!i de u CTe ChemiCa " y Synthesized usi "8 E«P«lile RNA phosphoramidites 
and thymidine phosphoram dire (P ro ligo, Germany). Synthetic oligonucleotides were 
deprotected and gel-purified'.The,ccessi„n numbers given bdow are from GntnTlhe 

frTesoZ^rT GU <ACC - N °- X65324) and GL3 lu < ifera * < A «- No- S 
corresponded to the coding regions 153-173 relative to the first nucleotide of the start 
odon; siRNAs targeting RL (Acc. No. AF025846) corresponded to region U9-T39 after 
the s art codon. The siRNA sequence targeting lamin A/C (Acc. No X03444) Js from 
P^on^^OrelativetothesuncodonUamin Bl (Acc.No.NM 00^ sT^Tas 
from posnon 672-694; NuMA (Acc. No. Z. 1583) siRNA from position 3,988-4 oVo a"d 
vimentin (Ace. No. NM.003380) from position 346-368 relative to the tart codon 

(PCR) products, followed by gel purification. The 49- and 484-bp GL2 or GL3 dsRNAs 
corresponded* positions 113-161 and 113-596, respectively, relative to Restart of 

amplified from pAD3 (ref. 21), whereby 50- and 501-bp hG dsRNA corresponded o 
positions 121-170and 121-621. respectively, to Restart codon COrrtSP ° nded '° 

riM mM nea ! in8 0f SiRNAS> 20 "** Singie S,rands Wm incuba,e ° in ™«Ung buffer 
100 mM potassium acetate, 30 mM HEPES-KOH at pH 7.4.2mM magnesium acrta.e) 
for 1 mm a, 90JC followed by 1 h a. 37"C. The 37«C incubation step Z eZdT 

amTM^uMstr/^ 
at o.4 iim and 0.84 u,M strand concentrations, respectively. 

Cell culture 

S2 cells were propagated in Schneider's Drosophila medium (Life Technologies) suoole 
men red with .0% fetal bovine serum (FBS) 100 units ml"' penicillin, and IMugj! 
streptomyctn at 25 'C. 293, NIH/3T3, HeLa S3, HeU SS6, COS-7 cells were Zvr ^37 "C 
rn Dd ecco's modified Eagle's medium supplemented with .0% FBS, MunTm " 
penicillin and lOO ugml- streptomycin. Cells were regularly passaged to ma Main 
exponential growth. Twenty-fourh before transfection a, 50-80% SuX mlma 

"3X103-^ 

13X10 cells ml ) and transferred to 24-well plates (500 ,J per well). S2 cells were not 
.ryrsinired before splitting. Co-transfection of reporter plasmids and siR^t^ 
out with Upofecumine 2000 (Life Technologies) as described by the manufaZeTfor 
adherent cell fine, Per well, 1.0 „ pGL2-Con,rol (Promega) orWcTnfrol 

Promega), 0.1 „ pRL-TK (Promega). and 0.21 „, siRNA duplex or dsRNAformulated 
into liposomes, were applied; the final volume was 600 ul ner well r>l!« J. romulate ° 

subsequently monitored with the Dual luciferase assay (Promega). Wec.io7 
efficiency were determined by fluorescence microscopy for mfmmalian «Us lines after 

Oli^f^f 0 " n fSt Urgeting <nd ° genOUS * en « w out using 
foun/r, T L ' fe j!f hnOlogies)and0 ' 84 ' l 8 siR NAduplexperwell,butitw^recenUy 
found that as little as 0.01 u.g siRNAs per well are sufficient to mediate silencing ^eLaSS6 

mo ZVT Ti 0M '° T " mtS W">™«* ' 5 h intervals and vte ^ 

Siden , i u- f * T >ka> ° n - " however > ' ha ' * '"nsfectionTaT 

efficient as multiple transfections. Transfeaion efficiencies as determined b v Imrnuno 

was confirmed by at least three independent experiments. 8 

Western blotting and immunofluorescence microscopy 

Monoclonal 636 lamin A/C specific antibody- was used as undiluted hybridoma super- 
natant for immunofluorescence and 1/100 dilution for western Motrin, Affi„;*T £1 
polyclonal NuMA protein 705 antibody* was used ?ZS&%Pff 
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immunofluorescence. Monoclonal V9 vimentin-specifk antibody was used at 1/2 000 
dilution. For western blotting, transfected cells grown in 24-wdl plates were trypsinized 
and hanested in SDS sample buffer. Equal amounts of total protein were separated on 
12.5% polyacrylamide gels and transferred to nitrocellulose. Standard immunostainin* 
was earned out using ECL enhanced chemiluminescence technique (Amersham Phar- 
macia). 

For immunofluorescence, transfected cells grown on glass coverslips in 24-well plates 
were fixed ,n methanol for 6min at -10°C. Target gene specific and control primary 
antibody were added and incubated for 80 min at 37 °C After washing in phosphate 
buffered saline (PBS), Alexa 488-conjugated anti-rabbit (Molecular Probes) and Cy3- 
conjugated anti-mouse (Dianova) antibodies were added and incubated for 60 min at 
■ I!' ! y ' S WCre Stained for 4 min at room temp«*tu« with Hoechst 33342 ( 1 uM 
in PBS) and embedded in Mowiol 488 (Hoechst). Pictures were taken using a Zeiss 
Axiophot camera with a Fluar 40/1.30 oil objective and MetaMorph Imaging Software 
(Universal Imaging Corporation) with equal exposure times for the specific antibodies. 

Received 20 February; accepted 26 April 2001. 
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Ribosomal peptidyl transferase can 
withstand mutations at the putative 
catalytic nucleotide 

Nortert Polacek, Mame Gaynor, Aymen Yassln & Alexander S. Mankln 

for Pharmaceutical Biotechnology (MC 870), University of Illinois. 
900 South Ashland Avenue, Chicago, Illinois 60607, USA 

Peptide bond formation is the principal reaction of protein 
synthesis It bikes place in the peptidyl transferase centre of the 
large (50S) ribosomal subunit. In the course of the reaction, the 
polypeptide is transferred from peptidyl transfer RNA to the 
o-amiiio group of amino acyl-tRNA. The crystallographic struc- 
ture of the SOS subunit showed no proteins within 18 A from the 
active site, revealing peptidyl transferase as an RNA enzyme'. 
Reported unique structural and biochemical features of the 
universally conserved adenine residue A2451 in 23S ribosomal 
RNA (Escherichia coli numbering) led to the proposal of a mecha- 
nism of rRNA catalysis that implicates this nucleotide as the 
principal catalytic residue". In vitro genetics allowed us to test 
the importance of A2451 for the overall rate of peptide bond 
formation. Here we report that large ribosomal subunits with 
mutated A2451 showed significant peptidyl transferase activity in 
several independent assays. Mutations at another nucleotide, 
G2447, which is essential to render catalytic properties to A2451 
(refs 2, 3), also did not dramatically change the transpeptidation 
activity. As alterations of the putative catalytic residues do 
not severely affect the rate of peptidyl transfer the ribosome 
apparently promotes transpeptidation not through chemical cataly- 
sis, but by properly positioning the substrates of protein synthesis. 
The proposed role of A2451 in the peptidyl transfer reaction is 
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figure 1 The secondary structure of the central loop of domain V of T. aquaticus 23S 
rRNA. Position A2451 (£ co//23S rRNA numeration), the principal catalytic nucleotide in 
the proposed general acid-base catalytic mechanism of peptide bond formation 2 - 3 is 
shown in bold. Its tertiary interaction partners, guanine residues 2061 and 2447 ' 
suggested to be essential for rendering catalytic properties to A2451, are outlined Arrows 
indicate the mutations engineered in 23S rRNA. 
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ABSTRACT The signaling mechanisms responsible for 
the induced expression of interferon (IFN) genes by viral 
infection or double-stranded RNA (dsRNA) are not well 
understood. Here we investigate the role of the interferon- 
induced dsRNA-dependent protein kinase PKR in the regu- 
lation of IFN induction. Biological activities attributed to PKR 
include regulating protein synthesis, mediating IFN actions, 
and functioning as a possible tumor suppressor. Since binding 
of dsRNA is required for its activation, PKR has been con- 
sidered as a candidate signal transducer for regulating IFN 
expression. To examine this role of PKR, loss-of-function 
phenotypes in stable transformants of promonocyte U-937 
cells were achieved by two different strategies, overexpression 
of an antisense PKR transcript or a dominant negative PKR 
mutant gene. Both types of PKR-deficient cells were more 
permissive for viral replication than the control U-937 cells. 
As the result of PKR loss, they also showed impaired induction 
of IFN-a and IFN-0 genes in response to several inducers— 
specifically, encephalomyocarditis virus, lipopolysaccharide, 
and phorbol 12-myristate 13-acetate. Interestingly, while 
IFN-a induction by dsRNA was impaired in PKR-deficient 
cells, IFN-0 induction remained intact. Loss of PKR function 
also resulted in decreased antiviral activity as elicited by 
IFN-a and, to a greater extent, by IFN-y. These results 
implicate PKR in the regulation of several antiviral activities. 

Type I interferons (IFNs) regulate diverse biological processes 
including antiviral activities, cellular growth and differentia- 
tion, and modulation of immune functions (1, 2). The induced 
expression of type I IFN genes, which include the IFN-a and 
IFN-0 gene families, is detected typically following viral 
infections. Previous studies have identified promoter elements 
and transcription factors involved in regulating the expression 
of type I IFNs (3-5). However, it remains unclear what are the 
particular biochemical cues that signify viral infections to the 
cell and the signaling mechanisms involved. Since many forms 
of double-stranded RNA (dsRNA) are capable of inducing 
type I IFNs, this led to suggestions that the common inducing 
molecule among different viruses was a viral replicative interme- 
diate containing dsRNA (6). It seems reasonable, therefore, to 
hypothesize that the regulation of IFN genes and antiviral activ- 
ities involves effector proteins responsive to dsRNA. 

Of the many RNA-binding proteins, the few which are 
capable of binding dsRNA are distinguished by a conserved 65- 
to 68-amino acid "dsRNA-binding domain" (7). Among these, 
the IFN-induced dsRNA-dependent protein kinase PKR is the 
only one with kinase function. PKR is a serine/threonine 
kinase whose enzymatic activation requires dsRNA binding 
and consequent autophosphorylation (8, 9). The best charac- 
terized substrate of PKR is the a subunit of eukaryotic 
initiation factor 2, which once phosphorylated leads to inhi- 
bition of cellular and viral protein synthesis (10), This function 
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of PKR has been suggested as one of the mechanisms respon- 
sible for mediating the antiviral and antiproliferative activities 
of IFNs. An additional putative function for PKR is its role as 
a signal transducer, since 2-aminopurine, a relatively specific 
inhibitor of PKR, can block the induction of IFN-a and IFN-/3 
genes by viral infection or dsRNA (11, 12). In support of this, 
Kumar et ai (13) have demonstrated that PKR can phosphor- 
ylate IkBa, resulting in the release and activation of the 
transcription factor NF-kB (13). Given the well-characterized 
NF-kB site in the IFN-/3 promoter and that dsRNA alone can 
induce NF-kB activity (14), it has been postulated that PKR 
mediates the induction of IFN-/3 transcription by dsRNA. 

To investigate the role of PKR in IFN gene regulation and 
cellular antiviral responses, we have utilized two different 
strategies to achieve a loss-of-PKR-function phenotype. This 
involved overexpression of a dominant negative PKR mutant 
gene, encoding [Arg 296 ]PKR, or an antisense PKR gene in 
stable transformants of a promonocytic cell line, U-937. Mono- 
cytes represent a primary source of type I IFNs in vivo and 
accordingly, we and others have found U-937 cells useful for 
studying IFN-a and IFN-/3 gene expression (15). The mutant 
[Arg 296 ]PKR contains a single amino acid substitution of 
arginine for the invariant lysine in catalytic domain II at 
position 296 and is a dominant negative protein which can 
specifically suppress the activity of endogenous wild-type PKR 
in vivo (14, 15). An alternative approach to specifically inhibit 
gene expression involves antisense strategies. Recently, Maran 
et al (16) showed that 2'-5'-oligoadenylate-linked antisense 
oligonucleotides specific for PKR suppressed PKR activity and 
NF-kB activation by dsRNA. However, it is not known whether 
IFN production or IFN-mediated antiviral responses were 
affected as a result of suppressed PKR function in the above 
studies. Here we report that loss of PKR activity in U-937 cells 
results in multiple defects both in IFN production and in 
antiviral responsiveness to IFN-a and IFN- y. 

METHODS AND MATERIALS 

Plasm ids and Stable Transformants. The wild-type human 
PKR gene and the dominant negative [Arg 296 ]PKR mutant 
gene were released by Hindlll digestion from the plasmids 
pBSKS and p6M (provided by B. R. G. Williams, Cleveland 
Clinic Research Institute, Cleveland), respectively. They were 
then subcloned into the eukaryotic expression vector pRC- 
CMV (Invitrogen) to generate the plasmids used in this study, 
namely, pPKR-AS (antisense) and p[Arg 296 ]PKR. Stable 
transformants were generated by electroporation of U-937 
cells with 10 ptg of each plasmid by use of a Gene Pulser 
apparatus (Bio-Rad). Clonal lines were obtained by selection 
with Geneticin (400 /xg/ml; GIBCO/BRL) and limiting dilu- 



Abbreviations: IFN, interferon; dsRNA, double-stranded RNA; 
EMCV, encephalomyocarditis virus; LPS, lipopolysaccharide; PMa] 
phorbol 12-myristate 13-acetate; GAPDH, gIyceraldehyde-3- 
phosphate dehydrogenase; RT-PCR, reverse transcription-poly- 
merase chain reaction; TCID50, median tissue culture infective dose 
♦To whom reprint requests should be addressed. 
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tion cloning. Cells were cultured in RPMI 1640 containing 
10% fetal bovine serum and Geneticin. 

PKR Analysis. The PKR autophosphorylation assay was 
performed essentially as described by Maran et al (16), with 
the following modifications. Cell extracts (100 ptg) were incu- 
bated with poly(I)-poly(C)-celIulose for 1 hr on ice, washed 
three times, and incubated for 30 min at 30°C in. 50 p\ of 
reaction buffer [20 mM Hepes, pH 7.5/50 raM KC1/5 mM 
2-mercaptoethanol/1.5 mM Mg(OAc) 2 /1.5 mM MnCl 2 ] con- 
taining 1 /xCi (37 kBq) of [y- 32 P]ATP. Samples were analyzed 
by SDS/10% PAGE and autoradiography. For immunoblot 
analysis of PKR, cell extract proteins (100 /Ltg) were separated 
by SDS/10% PAGE and electrotransferred onto nitrocellulose 
membranes. Membranes were incubated with anti-PKR mono- 
clonal antibody at 1:1000 in "Blotto" (5% nonfat dry milk/ 
0.05% Tween 20 in Tris-buffered saline), with final detection 
provided by horseradish peroxidase-conjugated goat anti- 
mouse antibody (Santa Cruz Biotech) and a chemiluminesence 
method (ECL; Amersham). 

Encephalomyocarditis Virus (EMCV) Replication and IFN 
Assay. For determination of EMCV replication, U-937- 
derived transformants were cultured in complete medium 
alone or pretreated with recombinant human IFN-a2 (Scher- 
ing) or IFN-y (Amgen Biologicals) for 18 hr. Following two 
washes with phosphate-buffered saline, the cells were incu- 
bated with the indicated amounts of EMCV in serum-free 
medium for 2 hr. The cells were washed again and 10 6 cells per 
sample were suspended in 1 ml of medium containing 1% fetal 
bovine serum. Samples were collected at the required time 
points and lysed by three rounds of freeze-thaw. Fourfold 
serial dilutions of the samples were added onto L929 mouse 
fibroblast monolayers and incubated for 48 hr before the 
monolayers were stained with 0.05% crystal violet to deter- 
mine cytopathic effects and median tissue culture infective 
dose (TCID 50 ). In assays of IFN production, U-937-derived 
transformants were similarly pretreated with IFNs as described 
above. Then, the cells were incubated with inducers 
[poly(I)-poIy(C) (Pharmacia), EMCV, lipopolysaccharide 
(LPS; Sigma), or phorbol 12-myristate 13-acetate (PMA; 
Sigma)] for 2 hr. Cells were washed and cultured in medium 
containing 1% fetal bovine serum. Supernatants were col- 
lected after 24 hr and IFN activity was measured by a bioassay 

Reverse Transcription-Polymerase Chain Reaction (RT- 
PCR). Priming and induction of U-937-derived transformants 
were performed as above. Total RNA was extracted from cell 
samples by an acid guanidinium thiocyanate procedure. First- 
strand cDNA synthesis was performed with 2 /xg of each RNA 
sample primed with random hexamer in a 25-/11 reaction 
volume with 200 units of Moloney murine leukemia virus 
reverse transcriptase (GIBCO/BRL). All PCRs were per- 
formed with 2 \A out of each cDNA mixture in a 50-/xl reaction 
volume containing 50 pmol of each upstream and downstream 
primer, 2 units of Taq DNA polymerase (Promega), 0.2 mM 
each dNTP, 2.5 mM MgCl 2 , and 10X reaction buffer. IFN-a 
PCR used consensus primers, capable of amplifying all 14 
known human IFN-a subtype genes, 5 '-GGA AGCTT YCTC- 
CTG YYTGA WGG ACAG A-3 ' and 5 ' -GGGG ATCCTCTGA- 
CAACCTCCCANGCACA-3', which generate an expected 
product of 372 bp. IFN-jS PCR used primers, 5'-GTGTCAG- 
A AGCTCCTGTGGC-3 ' and 5 ' -CTTCAGTTTCGGAGGT- 
AACC-3', which generate an expected product of 456 bp. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR 
used primers, 5 '-CCATGGAGAAGGCTGGGG-3 ' and 5'-CA- 
A AGTTGTCATGGATGACC-3 ', which generate an ex- 
pected product of 196 bp. 

RESULTS 

Characterization of PKR-Deficient Stable Transformants, 

Stable transformant cell lines were obtained by transfecting 
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U-937 cells with the following expression plasmids. Five 
representative cell lines were selected for characterization: (i) 
U937-neo was the control cell line transfected with the pa- 
rental vector, pRC/CMV; («) U937-AS1 and U937-AS3 were 
independent clones transfected with pPKR-AS; and (iff) U937- 
M13 and U937-M22 were independent clones transfected with 
pj Arg 296] PKR pkr kinase activity was measured with an 
assay that uses poIy(I)-poly(C)-cellulose for binding and acti- 
vation of PKR enzyme. IFN-treated HeLa and mouse L929 
cells were used as positive controls (Fig. L4, lanes 1 and 8), 
since PKR activity in these cells had been described (9). Similar 
to the untransfected U-937 parents, U937-neo cells contained 
basal levels of PKR activity which increased following treat- 
ment with IFN-a (Fig. L4, lanes 2 and 3). In contrast, PKR 
activity was not detected in any of the four cell lines trans- 
formed with pPKR-AS or ptArg^JPKR (results not shown). 
Furthermore, PKR activity was not restored in these cells by 
treatment with IFN-a (Fig. L4, lanes 4-7) or IFN-y (results not 
shown). To further confirm the inhibition of PKR expression 
in the pPKR-AS-transformed cells, Western blot analysis was 
performed with a monoclonal antibody specific for human 
PKR. Basal levels of PKR protein were detectable in U937-neo 
cells (Fig. Lfl, lane 1), which increased following treatment 
with IFN-a or IFN-y (lanes 2 and 3). In contrast, PKR 
expression was diminished in U937-AS1 and U937-AS3 cells 
(Fig. 15, lanes 4 and 6) and did not increase with IFN-a 
treatment (lanes 5 and 7). 

Enhanced EMCV Replication in PKR-Deficient Cells. We 
investigated whether loss of PKR function would affect the rate 
of EMCV replication. In control U937-neo cells following 
challenge with EMCV at 0.1 TCID 50 per cell, viral titers 
peaked at ~10 4 TCID 50 /ml after 48 hr (Fig. 24). However, in 
U937-AS1 and U937-M22 cells, EMCV replication was sub- 
stantially higher, reaching titers of lO^lO 5 TCID 50 /ml after 
only 24 hr and 10 8 TCID 5 o/ml by 48 hr, a 1000-fold increase 
over U937-neo cells. With a lower virus inoculum, 0.001 




huPKR 



Fig. 1. PKR activity and protein levels in U-937-derived stable 
transformant cell lines. (A) PKR activity was determined by a 
poly(I>poly(C)-celiulose assay for PKR autophosphorylation. Cell 
extracts were prepared from HeLa cells and the various U-937-derived 
cell lines following incubation with or without recombinant human 
IFN-«2 (200 units/ml) as indicated, while L929 cells were similarly 
treated with mouse IFN-a/0. Lane 1, HeLa; lanes 2 and 3, U937-neo; 
lane 4, U937-AS1; lane 5, U937-AS3; lane 6, U937-M13; lane 7, 
U937-M22; lane 8, L929. Positions of the human (68 kDa) and murine 
(65 kDa) PKR proteins and the molecular size standards (80 and 50 
kDa) are indicated. (B) Cell extracts were prepared as above after 
induction with IFN-a or -y, and PKR protein levels were determined 
by Western blot analysis. 
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Fig. 2. Kinetics of EMCV replication are enhanced in PKR- 
deficient cells. The U937-neo (□), U937-M22 (O), and U937-AS1 (m) 
cell lines were challenged with EMCV at 0.1 (A) or 0.001 (B) TCID50 
per cell. Samples were harvested at the indicated times and viral yields 
were measured in terms of TCID50. 

TCID50 per cell, more dramatic differences in EMCV suscep- 
tibility were observed. While EMCV replication in U937-neo 
cells did not exceed 10 2 TCID 50 /ml, high viral titers of 10 s 
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TClDso/ml were attained in both U937-AS1 and U937-M22 
cells (Fig. 2B). 

A Role for PKR in IFN Expression. The commonly invoked 
modelfor IFN action proposes that an essential function for 
the IFNs secreted from virus-infected cells is to protect 
neighboring cells against subsequent rounds of infection by 
progeny virus (1, 2, 5). Accordingly, the higher rates of EMCV 
replication in the PKR-deficient cells could have resulted from 
impaired IFN production or defective antiviral responses to 
the paracrine actions of induced IFNs. Here, we first showed 
that loss of PKR activity resulted in impaired IFN production 
m both U937-AS1 and U937-M22 cells compared with the 
contro U937-neo cells. With U937-neo cells, induction by 
fcMCV alone produced substantial amounts of secreted IFN 
protein (512 units/ml; Fig. 14). In a phenomenon known as 
IFN priming, pretreatment of the IFN-producer cells with even 
small amounts of IFN enhances subsequent IFN production 
upon stimulation with inducers (18). Consistent with this 
pruning of U937-neo cells with either IFN-a or IFN-y resulted 
m increased production of EMCV-induced IFN activity (Fig. 
3/1). The effects of priming were more significant for IFN 
induction by nonviral inducers. Stimulation of U937-neo cells 
with poly(I).poly(C), LPS, or PMA alone did not induce any 
detectable levels of IFN unless the cells had been primed with 
IFN-a or IFN-y (Fig. 14). In contrast, IFN production was 
significantly impaired in both types of PKR-deficient cells 
under each of the above induction conditions (Fig 14) 
Compared with U937-neo cells, IFN levels from U937-AS1 
and F 9 ^ 7 ; M22 cells f ° 1Iowin g EMCV induction were reduced 
nearly 50-fold ^16 units/ml). Further, this impairment was 
not alleviated by IFN-a or IFN-y priming. Also, IFN induction 
by poly(I).poly(C), LPS, or PMA, following IFN priming was 
impaired as well in both PKR-deficient cell lines (<8 units/ 
ml). The IFN activity produced by U-937 cells was composed 
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of both IFN-a (>80%) and IFN-/3 proteins, as determined 
with neutralizing antibodies (results not shown). 

To examine the role of PKR in regulating the differential 
expression of IFN-a and IFN-/3 genes, steady-state levels of the 
respective IFN mRNAs were determined by RT-PCR. Opti- 
mal induction of IFN-a mRNA in U937-neo cells by EMCV 
alone required stimulation for 16 hr (Fig. 3B, lane 4). Peak 
induction of IFN-/3 mRNA by poly(I)-poly(C) or EMCV alone 
was more rapid, occurring at 3 or 6 hr, respectively (Fig. 3B t 
lanes 2 and 3). In contrast, the induction of IFN-a and IFN-/3 
mRNA following viral infection was impaired in both PKR- 
deficient ceil lines. IFN-a mRNA induction by EMCV at 16 hr 
was diminished in U937-AS1 and U937-M22 cells (Fig. 3B y 
lane 4). Also, the early EMCV induction of IFN-/3 mRNA at 
6 hr was absent (Fig. 35, lane 3). However, IFN-/3 mRNA 
remained inducible in response to poly(I>poly(C) (Fig. 35, 
lane 2), and various levels were induced by EMCV only after 
16 hr (lane 4) in the PKR-deficient ceil lines. 

Next, the effect of PKR loss on the induction of IFN mRNAs 
was examined in IFN-primed cells. We have determined that 
priming enhances IFN-a induction in U-937 cells. Stimulation 
of U937-neo cells with poly(I)-poly(C) alone resulted in weak 
IFN-a mRNA induction after 16 hr (results not shown). 
However, following priming with either IFN-a or IFN-y, 
poly(I>po!y(C) stimulation resulted in a rapid induction of 
IFN-a mRNA, peaking after 3 hr (Fig. 3C, lanes 2 and 5, versus 
Fig. 35, lane 2). Similarly, IFN priming also enabled a rapid 
induction of IFN-a mRNA in response to EMCV, peaking 
after 6 hr (Fig. 3C, lanes 3 and 6 versus Fig. 35, lane 3). 
Further, the induction of IFN-a mRNA in. U937-neo cells by 
LPS or PMA was dependent on priming with IFN-y (Fig. 3C 3 
lanes 7 and 8). Consistent with the patterns observed earlier 
for IFN protein production, IFN mRNA expression was im- 
paired in both PKR-deficient cell lines despite priming. The 
early induction of IFN-a and IFN-j3 mRNA following EMCV 
challenge was absent in both U937-AS1 and U937-M22 cells, 
irrespective of priming with IFN-a or IFN-y. The induction of 
both IFN-a and IFN-/3 mRNA by LPS or PMA was also 
impaired in the PKR-deficient cells. While the induction of 
IFN-a mRNA by poly(I>poly(C) was diminished in the U937- 
AS1 and U937-M22 cells, IFN-J3 mRNA induction by 
pdly(I)-poly(C) again appeared unaffected (Fig. 3C, lanes 2 
and 5). 

Impaired IFN Responsiveness in PKR-Deficient Cells. Fi- 
nally, we investigated whether loss of PKR activity affected 
IFN-induced antiviral responses. To test this, EMCV replica^ 
tion was measured after treatment of cells with IFN-a or 
IFN-y. Although generally not produced by macrophages, 
IFN-y was studied for its effects on U-937 cells since it 
possesses direct antiviral properties and has a primary role in 
macrophage activation (19). While treatment with IFNs re- 
duced EMCV titers in all cell lines, viral yields were consis- 
tently higher in the PKR-deficient cells compared with the 
control cells (Fig. 44). EMCV titers were 10-fold higher in 
both PKR-deficient cell lines than in U937-neo cells after 
IFN-a treatment. Interestingly, IFN-y-mediated antiviral ac- 
tivity was more severely impaired as a result of PKR loss, since 
'EMCV titers from IFN-y-primed U937-AS1 or U937-M22 
cells were 10 2 - to KP-fold higher than those from control cells. 
We considered the possibility that these experimental condi- 
tions involving a relatively low virus inoculum may have 
magnified the differences in IFN-mediated antiviral responses 
between these cell lines. However, similar results were ob- 
served when we applied more stringent conditions for com- 
paring IFN responsiveness, by increasing the EMCV inoculum 
100-fold and harvesting samples earlier, at 24 hr rather than 48 
hr (Fig. 45). 
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Fig. 4. Inhibition of EMCV replication by IFN-a or IFN-y is 
impaired in PKR-deficient cells. (A) U937-neo (open bars), U937-AS1 
(filled bars), and U937-M22 (hatched bars) cells were cultured in the 
absence or presence of the indicated concentrations of IFN-a or IFN-y 
at 100 units/ml for 18 hr and challenged with EMCV at 0.1 TCID 50 
per cell. Samples were harvested after 48 hr for determination of virus 
yield. (B) Cells (bars as in A) were similarly pretreated with or without 
IFNs [1 or 100 units (U)/ml], except they were challenged with EMCV 
at 10.0 TCID 50 per cell. Samples were then harvested after 24 hr for 
determination of virus yield. 

DISCUSSION 

Our data provide direct evidence implicating a role for PKR 
in the regulation of IFN-a and IFN-/3 genes. We have dem- 
onstrated that suppression of PKR function results in impaired 
IFN induction at both the protein and mRNA levels. Our data 
further suggest that induction of IFN-a and IFN-/3 genes may 
rely differentially on PKR-dependent and PKR-independent 
signaling mechanisms. The induction of both IFN-a and IFN-/3 
mRNA by EMCV was impaired in U937-AS1 and U937-M22 
cells, and yet poly(I)-poly(C) still induced IFN-/3 but not IFN-a 
mRNA. Given this, the induction of IFN-/3 by poly(I)-p6Iy(C) 
in these PKR-deficient cells cannot be easily explained as the 
result of residual PKR activity. It is possible, therefore, that 
alternative, PKR-independent pathways exist for dsRNA sig- 
naling. Consistent with this, prbtein-tyrosine kinases have 
been indirectly implicated in the induction of IFN-stiinulated 
genes by dsRNA (20). However, we cannot rule out the 
possibility that residual, low levels of PKR remaining in the 
U937-AS1 and U937-M22 cells, while insufficient for mediat- 
ing IFN-a induction, are sufficient for IFN-0 induction by 
dsRNA. Analysis of mice with homozygous deletions for PKR 
will be useful for the characterization of PKR-independent 
signaling pathways by dsRNA. Furthermore, this study sug- 
gests that activation of PKR in vivo can occur in response to 
inducers other than dsRNA, since IFN induction by the 
combination of IFN-y priming and subsequent LPS or PMA 
stimulation required functional PKR (Fig. M\ Fig. 3C, lanes 7 
and 8). Activation of PKR without dsRNA in vitro has been 
described using heparin and other polyanionic molecules, and 
PKR activation in vivo was observed following interleukin 3 
deprivation of an interleukin 3-dependent murine cell line (21 
22). V 

Our results also provide evidence for the participation of 
PKR in mediating the antiviral actions of IFN-a and IFN-y. 
While PKR has not been commonly considered as a mediator 
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of IFN-y actions, the presence of a consensus IFN-y responsive 
element, GAS, within the PKR promoter suggests that PKR 
may be regulated by IFN-y (23). Consistent with this, our 
results demonstrated the induction of PKR protein levels by 
IFN-y (Fig. IS). Previous studies have linked several proteins, 
including the Mx, 2-5-oligoadenylate synthetase, and 2-5- 
oligoadenylate-dependent RNase proteins, to IFN-a-induced 
antiviral activities (24-26). In particular, stable expression of 
the human PKR gene in mouse cells confers partial resistance 
to EMCV (27). Also, in embryonic fibroblasts from mice 
deleted for the gene encoding the IFN-responsive transcrip- 
tion factor IRF-1, anti-EMCV activity by IFN-y was even more 
impaired than the reduced IFN-a-mediated activity, charac- 
teristics similar to the PKR-deficient cells in this report (28). 
It is likely that the concerted actions of several genes, including 
PKR, contribute to the antiviral activities of IFN-a and IFN-y. 
Interestingly, a tumor-suppressor function for PKR has been 
suggested from studies showing that a malignant transforma- 
tion phenotype correlates with overexpression of dominant 
negative PKR proteins (29, 30). Since IFNs have direct anti- 
tumor and antiproliferative activities (31), it is possible that the 
IFN-related deficiencies resulting from loss of PKR activity 
noted here may represent mechanisms which contribute to a 
transformation process. 

PKR has been suggested to be important for controlling viral 
replication. However, many viruses, including adenovirus, 
influenza virus, vaccinia virus, and human immunodeficiency 
virus, possess mechanisms for inactivating PKR function as 
means to evade the antiviral actions of the IFN system (32). We 
have shown that specific suppression of PKR in U-937 cells 
resulted in a profound inability to restrict EMCV replication 
and that this was due to the impairment of at least two 
biological functions, type I IFN expression and IFN-mediated 
antiviral responses. While it remains unclear which cellular 
proteins mediate these activities in pathways downstream from 
PKR, transcription factors including IRF-1, ATF-2/c-Jun, and 
the STAT family, already implicated with regulation of type I 
IFNs and IFN-stimulated genes, are possible substrates for 
PKR (3, 4, 33). 
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